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ABSTRACT OF THE DISSERTATION
Advanced Materials for Air Pollutants Removal in A Combustion System
by
Sungyoon Jung
Doctor of Philosophy in Energy, Environmental and Chemical Engineering
McKelvey School of Engineering
Washington University in St. Louis, 2020
Professor Pratim Biswas, Chair

Air pollutants directly or indirectly impact human health and the environment. Large quantities
of CO2, volatile organic compounds (VOCs), and particulate matter are emitted from combustion
systems, and cause climate change, smog formation, and pose serious health risks. The
increasing demand for the remediation of air pollutants at the source has drawn much attention to
the use of advanced materials due to their high reactivities and special properties. In order to
achieve the successful application of advanced materials for the remediation of problematic
emissions, three aspects, (1) synthesis method, (2) characterization of materials’ structural
properties, and (3) evaluation of materials’ kinetic characteristics, should be deeply understood.
This dissertation pursued an understanding of these three aspects to develop efficient
nanomaterials for air pollutant removal. Depending on the types of air pollutants and
corresponding techniques, this dissertation is separated into two major parts.
Part 1 Development of active nanomaterials for O2 removal for the oxy combustion system:
The oxy combustion system has been proposed as an effective methodology for capture of
CO2 in large power plants. The captured CO2 stream can be further utilized for enhanced oil
xii

recovery or sequestration. However, the O2 concentration in the stream (typically ~3%) should
be lowered to 100 ppmv to avoid corrosion inside pipelines. Recently, catalytic reduction of
O2 with CH4 has been applied as a promising solution and has shown a high removal efficiency
of O2 with noble metal doped metal oxide nanomaterials. Even though a high O 2 conversion was
demonstrated, studies to reveal the fate of the nanoparticle catalysts and its correlation to the
active sites of materials during the reaction have not been elucidated. There is also insufficient
information about the effect of initial gas composition on O 2 removal (i.e. excess CO2 in the
initial gas stream). To elucidate and remove these limitations, a preliminary study on the flame
synthesis of Pd-TiO2 nanoparticles for O2 removal from the CO2-concentrated stream has been
first conducted. Kinetic and structural properties of the synthesized Pd-TiO 2 nanoparticles, such
as the size and oxidation state of Pd, were carefully evaluated. Then, the fractions of the total
surface areas of three different Pd species (metallic Pd, intermediate PdO x, and PdO) were
evaluated. By interpreting both structural and kinetic characteristics, a strong correlation between
the apparent reaction rate constants and the fraction of the total surface area of metallic or/and
reduced form of Pd was obtained. This finding indicates the important role of metallic and/or
reduced form of Pd as an active phase for O2 removal. The effect of the excessive CO2 on
O2 removal was also studied by using both experimental and theoretical approaches. A linear
dependency between the CO2 generation rate and its concentration in the feed stream was
experimentally observed. This observation was supported by density functional (DFT)
calculations which demonstrated the positive effect of surface CO 2 coverage on O2 removal by
reducing activation energies for the overall reaction. Although Pd-TiO 2 was successfully
developed for O2 removal, it has a limitation due to its high costs. As a final step, an efficient and
cost effective cobalt oxide nanomaterial was synthesized via a furnace aerosol reactor. Its

xiii

superior performance for O2 removal was demonstrated and attributed to the enhanced oxygen
vacancy defects in the structure.
Part 2. Nanomaterial-integrated technique for VOCs and particulates removal:
Electrostatic precipitator (ESP), one of the non-thermal plasma (coronas) reactors, has been
widely used for the removal of particulate matter in large power plants. ESPs generally have an
electric field generated by using a high voltage source. Corona discharge is obtained in this high
voltage system, and reactive species, such as ions and electrons, are effectively generated. The
target pollutants, such as VOCs and submicrometer particles, could be removed via the oxidation
and the charging/capture processes. However, the system itself still has a limitation, such as
lower charging efficiency for small particles. TiO 2 film and conductive fabric liner were inserted
in the ESP in the present study and were examined for the removal of VOCs and submicrometer
particles. In both cases, enhanced removal efficiencies were achieved, which were attributed to
the increased amount of reactive species, such as ions and radicals, generated on the materials’
surfaces.
This dissertation elucidates the importance of the remediation of several air pollutants and
successful application of advanced materials. Synthesis, characterization, and evaluation of their
performances were performed independently, but they were closely correlated to reveal an active
phase of nanomaterials. In addition, the synergistic effect of nanomaterial-integrated technique
was also examined.

xiv

Chapter 1: Introduction

1

1.1 Background and Motivation
This section contains three parts: Air pollutants and their effects on human beings and
environment is described first, followed by their removal by materials, and finally, research
objectives is presented.

1.1.1 Air Pollutants and their Effects on Human Health and Environment
Air pollutants directly or indirectly cause negative influences to human health and environment.
Most of air pollutants are generated from coal combustion systems [1, 2]. When coal burns,
various air pollutants such as CO2, volatile organic compounds (VOCs), and particulates are
created via chemical reactions and are emitted to air, which are harmful to human health and
environment as well [2].
The emission of CO2 from fossil fuel combustion in power plants is one of the dominating
contributors to global warming [3, 4]. The U.S. Energy Information Administration reported that
more than 60% of the energy in the U.S. was produced by fossil fuel combustion in 2018, and
approximately half of it was generated from coal combustion [5]. Based on this percentage,
energy-related CO2 emission from coal combustion in 2018 was reported as approximately 1.3
Gt which was 24% of the total CO2 emissions from fuel sources (Figure 1.1a) [6]. To mitigate
the CO2 level in the atmosphere, alternative energy sources, such as nuclear power and
renewable energy, can be used [3], but they currently cannot meet the immediate energy demand.
Fossil fuel combustion is still necessary [3], so removing CO 2 from fossil fuel combustion
remains a pressing need.
VOCs have been considered as one of serious air pollutants in both human health and
environment. As an aspect of human health, VOCs have been associated with long-term health
2

risks such as asthma and allergies [7-9]. As an aspect of environment, VOCs have been also
known to play a crucial role in the formation of ozone and fine particulates in air [10, 11]. VOCs
can react with nitrogen oxides under sunlight to form photochemical oxidants, i.e. photochemical
smog, which lowers visibility. Coal contains a significant number of VOCs itself and thereby,
VOCs could be released during the combustion process in a power plant [10]. The U.S.
Environmental Protection Agency investigated anthropogenic VOCs emission in the U.S. by
source category during 1990-2014 and reported that approximately 12 million tons of VOCs
were emitted in the U.S. in 2014 and around 0.44 million tons of them were emitted from fuel
combustion (Figure 1.1) [12]. Due to the harmful effect of VOCs on both human health and
environment, they should be removed before they are emitted to the atmosphere.
Airborne submicrometer particles have long atmospheric residence times and also can travel
deep into human’s lungs due to the small size, which pose severe health risks and lower the
visibility [13, 14]. The U.S. Environmental Protection Agency investigated anthropogenic PM 10
and PM2.5, which are particulate matters with an aerodynamic diameter of 10 µm or less and 2.5
µm or less, emission in the U.S. by source category during 1990-2014 and reported that around
1.9 million tons of PM10 and 1.2 million tons of PM2.5 were emitted in the U.S. in 2014. Among
them, approximately 0.5 million tons of PM10 and 0.38 million tons of PM2.5 were emitted from
fuel combustion (Figure 1.1) [12]. Therefore, it is also required to remove submicrometer
particles from power plants.
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Figure 1.1. Air pollutants from coal combustion system (sources: [5, 6, 11, 12, 15] and google images).

1.1.2 Remediation of pollutants by Materials
With an increasing demand for the remediation of air pollutants, nanomaterials have captured a
lot of attentions from researchers with their high reactivities and superior properties such as large
specific surface area. Enormous nanomaterials including metals and metal oxides have been
extensively synthesized via different synthesizing routes for different applications [16-24]. There
are three aspects determining the successful application of nanomaterials for the remediation of
pollutants, which are addressed below.
Synthesis: Nanomaterials are generally synthesized via two synthesizing routes. One of them is a
wet synthesis route such as wet impregnation and sol-gel methods, which could produce plenty
number of nanomaterials at once. The other route is an aerosol synthesis route. It is one-step
process without additional processes such as drying and calcination. Each synthesizing method
4

has its own influence on the properties of the produced nanomaterials. For example,
nanomaterials via a flame aerosol reactor generally have a spherical shape and a narrow size
distribution [17, 20], while nanomaterials via a furnace aerosol reactor mostly have various
morphology including a hollow structure with a wider size distribution [19, 25]. Also, each
synthesizing method has various parameters during the synthesizing process which significantly
determine the properties of the produced nanomaterials as well. For instance, Tiwari et al. [20]
synthesized noble metal doped titanium dioxide nanocomposites by using a flame aerosol reactor
and tuned the size and the crystallinity of noble metal by controlling different synthesizing
conditions such as a distance between a quench ring and a top of a flame burner and a noble
metal loading. Therefore, choosing a proper method and an optimal condition is important to
obtain an efficient nanomaterial.
Characterization of materials’ properties: To deeply understand nanomaterials and their
performances, it is required to carefully characterize their structural properties. Important
structural properties of nanomaterials include the size, the morphology, the crystallinity, and the
surface chemical composition, etc. Various characterizing tools have been developed to
understand those properties. Inductively coupled plasma mass spectrometry (ICP-MS) is one
kind of mass spectrometry and ionizes the particle sample to detect/measure metals and several
non-metals. Electron microscopes including scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) uses a beam of electrons for imaging. The obtained
images are further used to investigate the morphology, the size, and the diffraction patterns of
nanomaterials. X-ray diffraction (XRD) uses an incident beam of X-rays to evaluate the crystal
structure and the phase of nanomaterials. X-ray photoelectron spectroscopy (XPS) is a surface
sensitive spectroscopic technique with a usage of X-ray to investigate the surface chemistry
5

including surface elements and their chemical state. Brunauer-Emmett-Teller (BET) theory uses
the adsorption of gas molecules on a solid surface to measure the specific surface area. Advanced
in situ analytical methods have been also developed, which enable a real-time monitoring of
changes in structural properties of nanomaterials during reactions. Results obtained by using
these analytical tools could be closely related together. Niu et al. [26] investigated the catalytic
behavior of flame-synthesized Pd-TiO2 nanomaterials in CH4 oxidation and tested the
synthesized materials several cycles for CH4 oxidation. After the first cycle, metallic Pd phase
was disappeared, which was supported by XRD and XPS analytical results. Therefore, multiple
analytical tools can be utilized to confirm the findings.
Evaluation of materials’ performances: Experiments are designed and conducted to study
materials’ performances for different applications. Carefully designed experiments by controlling
experimental conditions can provide detailed kinetic characteristics of nanomaterials, which can
be further correlated to the structural properties of nanomaterials. By interpreting both kinetic
and structural properties of nanomaterials in specific application, active phase of nanomaterials
and important structural parameter can be eventually achieved. Wang et al. [21] compared the
slops of the plot between time-resolved transient absorption rate and the concentration of
electron-hole pair in TiO2 and Pt-TiO2 films. They found a gentler slop with Pt-TiO2 film, which
implies the suppression effect of Pt on electron-hole pair recombination. The kinetic property
(i.e. electron-hole pair recombination rate) and the structural property (i.e. electron-hole pair
concentration in the material) were correlated together, which guided them to emphasize the role
of Pt on electron-hole pair recombination.
The above three aspects are independent but are complementary. Structural properties of
nanomaterials can be controlled by tuning the synthesizing conditions, which affect kinetic
6

characteristics of nanomaterials. On the other hand, structural properties of nanomaterials can be
further optimized based on kinetic characteristics of nanomaterials. In this thesis, efficient
nanomaterials (Pd-TiO2 and cobalt oxide nanocomposites and TiO2 film) were developed and
their structural properties (initial and final after the reactions) were evaluated by using various
analytical tools. These findings were correlated to obtained kinetic characteristics from
experiments.

1.1.3 Research Objectives
As mentioned in the above section, the air quality is an important issue because it is closely
related to human health and environment. Especially, huge amount of air pollutants has been
emitted from coal combustion system. To effectively remediate them, different materials and
their incorporation with various techniques can be applied. In this dissertation, there are five
objectives:
(1) Synthesis of efficient materials: Mainly aerosol route was applied to synthesize different
materials. Pd doped TiO2 nanoparticles were synthesized by using a flame aerosol reactor
and cobalt oxide nanoparticles were synthesized by using a furnace aerosol reactor. On
the other hand, wet synthesis method was also applied. TiO 2 film was prepared by using a
wet impregnation method and it was further deposited on a stainless-steel substrate via
dip-coating method.
(2) Investigation of the materials’ structural properties: The material’s structural properties
such as morphology and size were evaluated by using various analytical tools such as
scanning transmission electron microscopy (STEM) and X-ray photoelectron
spectroscopy (XPS).
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(3) Evaluation of the synthesized materials for various applications: Pd-TiO 2 nanoparticles
were utilized for O2 removal, TiO2 film was applied to remove toluene, and fabric was
utilized to remove submicrometer particulates. Correlation between structural properties
obtained from (2) and the catalytic activity was established to find an active phase of
materials for specific application. Also, the change of structural properties of materials
during the reactions were studied.
(4) Development of materials-integrated technique: Electrostatic precipitator has been
extensively utilized to remove particulates from large power plants. By integrating
materials with electrostatic precipitator, enhanced removal efficiencies of toluene and
submicrometer particulates were achieved. The influence of materials on the applications
were revealed.
(5) Utilization of theoretical approach to support experimental findings: Density functional
theory (DFT) calculations were applied to investigate the detailed mechanisms of O 2
removal, especially complete CH4 oxidation reaction.

1.2 Dissertation Outline
This dissertation has two major parts. Part 1 elucidates the development of an active material for
O2 removal from oxy combustion system. Part 1 consists of three sub-sections (Chapter 2, 3, and
4) and each chapter contains an introduction, experimental section (material synthesis,
experimental setup, experimental procedure, computational details), results and discussion, and
conclusions. Chapter 2 elucidates preliminary results on the development of Pd-TiO 2 catalyst via
a flame aerosol reactor and the evaluation of the synthesized catalyst for O 2 removal. Active
phase of catalyst for O2 removal is described in detail. Chapter 3 expresses the effect of
8

excessive CO2 in a feed stream on O2 removal. Both experimental and theoretical (density
functional theory (DFT) calculations) results are reported. Chapter 4 explains the development of
an effective and economic cobalt oxide catalyst via a furnace aerosol reactor for O 2 removal. The
crucial role of oxygen vacancy in the catalyst’s structure is expressed.
Part 2 describes a material-integrated technique for VOCs and submicrometer particles removal
and consists of two sub-sections (Chapter 5 and 6). Each chapter contains an introduction,
experimental section, results and discussion, and conclusions. Chapter 5 elucidates an enhanced
VOCs removal by a hybrid photocatalyst-integrated corona system and Chapter 6 expressed an
improved removal of submicrometer particles by a conductive fabric-integrated corona system.
Both chapters emphasize the role of materials in corona system.

Figure 1.3. Thesis outline.
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Chapter 2: Preliminary Study on Flame
Synthesis of Catalyst for O2 Removal from
the Oxy-coal Combustion System

The results of this chapter have been submitted to AIChE Journal and are being reviewed: S.
Jung, N. Reed, G. Yablonsky, P. Biswas, Flame synthesis of Pd-TiO 2 nanocomposite catalyst for
oxygen removal from CO2-rich streams in oxy combustion exhaust. AIChE Journal, DOE:
10.22541/au.158620159.9756269.
Supplementary figures and tables are available in Appendix I.
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Abstract
Pd-TiO2 catalysts with five Pd loadings were synthesized using a flame aerosol reactor. Their
initial and changed catalytic properties and kinetic characteristics during/for O 2 removal with
CH4 were investigated. Different Pd loadings affected the size of Pd sub-nano
clusters/nanoparticles and the speciation fraction of Pd (metallic Pd, PdO and PdO x (0<x<1)).
Increased size of Pd nanoparticles on catalysts’ surface due to sintering and the reduction of PdO
to metallic Pd or/and PdOx were observed during the reaction. Fractions of the total surface area
of Pd species were calculated, and correlations to the apparent reaction rate constants were
established. Apparent kinetic constants were linearly proportional to fractions of total surface
areas of metallic Pd or/and reduced Pd oxide were revealed, representing the intrinsic active site.
The linear correlation between the O2 reaction rate and the CO2 concentration in the initial gas
stream was also observed due to an autocatalytic reaction effect.
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2.1 Introduction
Oxy combustion is a promising technique that has improved combustion efficiency and produces
a flue gas with a high concentration of CO 2, which can be effectively captured [1-4].
Conventional coal combustion uses air, which dilutes the CO 2 concentration in the flue gas and
thus requires an additional process (e.g., amine stripping) to capture CO 2 from the diluted flue
gas. Oxy combustion uses highly pure O2 (>95%) instead of air, which results in high
combustion efficiency, low fuel consumption, and a concentrated CO 2 stream [1, 4]. The
captured CO2 can be either sequestered[5] or reused for enhanced oil recovery (EOR) [6].
Although a high concentration of CO2 (~63%) in the flue gas can be achieved, it cannot be
directly applied for EOR or sequestration because the residual concentration of O 2 (~3%) is
higher than the requirement for EOR (<100 ppmv) [7]. Therefore, O 2 must be removed from the
flue gas before reuse.
Different techniques have been applied to remove O2 [8, 9], which were summarized in Table
2.1. Cryogenic distillation, chemisorption of oxygen on Cu, and membrane have been applied
with their advantages such as no additional humidity and easy operation. However, these
technologies have disadvantages such as high operating costs and low stability. Compared to
these technologies, catalytic oxidation of hydrocarbon can be used with low cost if economic and
abundant hydrocarbon such as methane is used. In addition, it can achieve higher purity and no
undesired side products. In this project, we have been focusing on O 2 removal from CO2concentrated stream by using catalytic methane oxidation.
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Table 2.1. O2 removal techniques [8, 9].

Technology
Cryogenic distillation

Advantages
~100% of impurities removal in the
CO2 stream

Disadvantages
High cost of equipment and energy

Chemisorption of

No additional humidity obtained,

Higher operation cost and additional

oxygen on Cu

Low hydrogen content

reactor for continuous operation

Easy to operate

Stability and long-term usage

Membrane (high oxygen
content)
Catalytic oxidation of

Higher purity and no undesired side

hydrocarbon

products

(Depending on types of hydrocarbon)
increase of humidity and cost of
hydrocarbon

Catalytic O2 removal with hydrocarbons (e.g., methane) is one promising solution. Up until now,
studies have focused on catalytic CH4 combustion for generating energy in gas turbine
combustors, and on using metal doped catalysts to decrease emissions [10-13]. There has been
progress toward effective CH4 oxidation at low temperature (<773 K) and considerable work in
studies of this system at different compositions, temperatures, and pressures over different metal
doped catalysts (e.g., Pd-Al2O3, Pt-Al2O3, Pd-SiO2) [11, 14]. However, there is a significant
difference between prior catalytic CH4 combustion studies and this work. Most previous studies
on catalytic CH4 combustion used a relatively high O2 concentration with N2 or He, as the
balance of the gas, or relatively low concentrations of CO2 (<20%) to investigate their effects on
the reaction. The challenge of this work is to decrease oxygen levels in low concentration O 2
streams (from 3% to less than 100 ppmv) in a highly concentrated CO 2 stream. Recent studies
have shown the catalytic O2 removal with CH4 as a promising technique, and reported high O2
conversions (>95%) by using noble metal doped catalysts (e.g., Pd-zeolite and Pd (or PdCu)Al2O3) [15, 16]. Even though high O2 conversion was achieved, two important aspects affecting
16

the catalytic activity for O2 removal were not fully investigated. First, active sites of the catalysts
were not clearly elucidated. Noble metals such as Pd and Pt are known to have high catalytic
activity for various applications [11, 17-22]. However, there is still an ongoing debate on the
active phase of noble metals for catalytic performance [19-22]. For example, the catalytic CH 4
combustion with noble metal supported catalysts strongly depends on the oxidation state of noble
metal: Schmal et al. [19] reported that the coexistence of PdO and PdO δ+ played a crucial role in
the enhanced CH4 combustion. Yang et al. [23] showed that Pd 0/PdOx (0<x≤1) was the active
phase for CH4 combustion. To design a catalyst which has higher catalytic activity for O 2
removal, it is necessary to fully understand the active phase of noble metal. Therefore, additional
efforts are required to develop effective O2 removal from oxy combustion systems. Second, the
effect of excess CO2 in the initial gas stream on the catalytic performance for O 2 removal has not
been explored. Kinetic characteristics of various catalysts for CH 4 combustion have been
extensively reported [24, 25]. Among them, Chin et al. [24] defined four kinetic regimes
depending on initial gas compositions (O2/CH4), and elucidated detailed kinematic
characteristics in each regime by using supported Pt clusters. According to their study, four
distinct regimes, rate equations, and the kinetically relevant steps are described :
Table 2.2. Kinetic regimes, ratios between O2 and CH4, rate equations, and kinetically relevant steps [24].

Kinetic regime

O2/CH4

Rate equation

Kinetically relevant step

Regime 1

2 < O2/CH4

keff1 (CH4)

CH4 + O* + O*  CH3O* + OH*

Regime 2

0.08 < O2/CH4 < 2

keff2 ((CH4)2)/(O2)

CH4 + O* + *  CH3* + OH*

Regime 3

O2/CH4 < 0.08

keff3 (O2)

O2 + 2*  2O*
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Regime 4

0

keff4 (CH4)

CH4 + 2*  CH3* + H* + *

* indicates the adsorbed species or the adsorption site.
In Regime 1 (O2/CH4 >2), typical CH4 combustion behavior, i.e. a linear dependency between
CH4 turnover rate and CH4 pressure, was observed. Because a limiting compound is CH 4 in this
regime, no influence of O2 pressure on CH4 turnover rate was obtained. In Regime 2 (0.08 <
O2/CH4 < 2), CH4 turnover rate was influenced by both CH4 and O2 pressures. In both Regimes 1
and 2, there was no CO detection. In Regime 3 (O 2/CH4 < 0.08), CH4 turnover rate was
independent to CH4 pressure, while it was influenced by O2 pressure. Because a limiting
compound was O2, after O2 consumption, CO2 was used as coreactant to form CO. In Regime 4
(O2/CH4 = 0), there were only H2O and CO2. In their study, relatively low CO2 concentration (<
15%) was applied and no reaction occurred. It should be noted that CO is considered as a
byproduct in this study and thereby its generation should be hindered. In addition, a much higher
concentration of CO2 in the feed stream (> 90%) is applied in this study and the effect of the
concentrated CO2 stream on CH4 combustion has not revealed. Therefore, an additional study on
this topic is required.
Metal oxide catalysts doped by noble metals have been extensively researched for
oxidation studies [11, 26]. To synthesize these catalysts, several methods, e.g., wet impregnation,
sol-gel, and precipitation, have been widely utilized. However, these methods require additional
processes, such as drying and calcination [27]. Unlike these methods, flame synthesis is a
continuous one-step process that can be scaled up for high throughput production of
nanoparticles [28-30]. Furthermore, many researchers have reported higher catalytic activity of
flame-made catalysts due to their excellent dispersion of metal clusters on a metal oxide support
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[31-33]. Recently, Fujiwara et al. [34, 35] synthesized sub-nano scale metal clusters on a metal
oxide support by controlling the residence time in a flame and reported a much higher fraction of
metal atoms on the catalyst surface and strong metal-support interaction, both of which enhanced
the catalytic activity. In addition, Wang et al. [36] developed size-controlled Pt (<2 nm) doped
TiO2 films and found that the size of the Pt particles plays a crucial role in CO 2 photoreduction.
However, there is still insufficient information about the fate of the nanoparticle catalysts and its
correlation to the active phase of materials during the oxidation reaction.
In this study, Pd-TiO2 catalysts were synthesized by using a flame aerosol reactor. The kinetic
characteristics of the synthesized catalysts for O2 removal were evaluated. Pd-TiO2 catalysts
were synthesized with five different Pd loadings to investigate their catalytic properties. Their
changed catalytic properties during the reaction were also investigated. The total surface area of
different Pd species (metallic Pd, PdO and PdOx (0<x<1)) in the as-prepared and the treated
catalysts was calculated for every loading, and the relationship between the fraction of the total
surface area of different Pd species and apparent reaction rate constant was established. In
kinetic experiments, the effect of different initial gas compositions on O 2 removal was
investigated. The goal of this paper is to develop an efficient correlation between structural
characteristics and steady-state kinetic characteristics that characterize the prepared catalysts.

2.2 Experimental Section
The synthesis method is described first, followed by characterization methods, and finally, a test
plan is presented.
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2.2.1 Synthesis of Pd-TiO2 Catalysts using a Flame Aerosol Reactor (FLAR)
The experimental setup for synthesizing Pd-TiO2 catalysts is shown in Figure 2.1a. The flame
aerosol reactor (FLAR) system includes a precursor feeding system (bubbler and nebulizer), a
diffusion burner, and a quenching and collection system. The bubbler was used for feeding
titanium tetra-isopropoxide (TTIP, 99.7%, Sigma-Aldrich) with an N 2 carrier gas (1 L min-1). The
temperature of the oil bath in which the bubbler was placed was maintained at 323 K. The precursor
delivery tubes were maintained at around 373 K. The saturated TTIP precursor vapor was
introduced into the central port of the burner. Palladium acetylacetonate (Pd(acac) 2, 97%, SigmaAldrich) was used as a dopant precursor, and it was dissolved in xylene (reagent grade, SigmaAldrich) and acetonitrile (99.8%, Sigma-Aldrich) mixture (2:1, v/v). In this study, five different
Pd-TiO2 catalysts were synthesized by controlling the concentration of the Pd precursor solutions
(0.5 mM ~3.0 mM). A three-jet Collison nebulizer was used to generate spray droplets, which
were introduced to the central port of the burner. CH 4 and O2 were introduced through the second
and the outer port of the burner, respectively, with flow rates of 0.35 L min -1 and 2.5 L min-1. The
distance between the quench ring and the top of the burner was fixed at 3.8 cm. The synthesized
catalysts were collected using an isopore membrane filter.

2.2.2 Characterization of Synthesized Pd-TiO2 Catalysts
The elemental analysis was conducted by both inductively coupled plasma mass spectroscopy
(ICP-MS, Elan DRC ii, PerkinElmer) and field scanning electron microscopy (FESEM, JEOL
7001LVF FE-SEM, JEOL Ltd.) coupled with energy disperse X-ray spectroscopy (EDS). X-ray
diffraction (XRD, Bruker d8 advance, Bruker) was utilized to investigate the crystallinity of the
synthesized Pd-TiO2 catalysts by using CuKα radiation (λ = 1.5418 Å) and a step size of 0.02°.
The morphology and size of the synthesized catalysts were determined by scanning transmission
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electron microscopy (STEM) (TEM, JEOL 2100F, Jeol). The oxidation state of Pd was evaluated
by X-ray photoelectron spectroscopy (XPS, Versa probe ii, Physical Electronics). Analyses for
ICP-MS, XRD, and XPS were performed in triplicate. FESEM-EDS and STEM analyzed many
spots for representative data. To investigate the changes in the catalytic properties, catalysts were
treated at elevated temperatures up to 773 K for around 1 hr each temperature under the same
experimental conditions and hereafter denoted as treated catalysts. They were further
characterized by using the same analytical tools mentioned above.

2.2.3 Experimental Setup and Procedure
Figure 2.1b shows a differential fixed-bed reactor system. The feed gases are supplied from gas
cylinders, and the gas composition is controlled by mass flow controllers. The differential fixedbed reactor has three indentations in the middle to hold catalysts with glass fiber. Due to the low
flowrate (~ 3 mL min-1), the glass fiber supports the catalyst well. A thermometer and
temperature controller (Econo Temperature Controller, ACE Glass Inc.) are used for temperature
control. To perform an experiment, 10 mg of the catalyst was loaded into the reactor. The
experiment was conducted at temperatures ranging between 298 K and 773 K and under
atmospheric pressure. The gas feed stream consisted of O 2 and CH4 in balance CO2, with a total
flow rate of 3.2 mL min-1. In this study, three different CO2 concentrations (i.e., 0%, 53%, and
95% in balance He), and three different ratios between O 2 and CH4 concentrations (i.e., O2 rich
composition: O2/CH4
O2/CH4

2.4, stoichiometric composition: O2/CH4

2.0, O2 lean composition:

1.6) were used. The compositions of the gas streams were sampled through an

automatic gas valve and measured by gas chromatography (GC, 7890B, Agilent Technologies,
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Inc.), using helium as a carrier gas. The GC was equipped with a porous layer open tubular
(PLOT) capillary column (Supelco Carboxen-1010) and a thermal conductivity detector (TCD).
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(a)

(b)

Figure 2.1. Schematic diagram of (a) a system for Pd-TiO2 catalyst synthesis and (b) a differential fixed-bed reactor
system for O2 removal test.

23

2.3 Results and Discussion
2.3.1 Flame Synthesis of the Catalysts and Their Structures’
Characterization
During the synthesis process, TTIP vapors generated from the bubbler and Pd precursor
acetylacetonate salts decompose at the different temperature regions in the flame [28]. In the
lower temperature region of the flame, TTIP vapors first form TiO 2 monomers, which
subsequently undergo particle growth by collision, coalescence, and sintering. In the higher
temperature region of the flame, Pd acetylacetonate salts decompose to form Pd vapor
molecules, which can either condense or nucleate and subsequently be deposited on the surface
of the created TiO2 nanoparticles [28]. The condensed or deposited Pd molecules on the surface
further diffuse and coalesce [35]. Varying the Pd concentrations can change the possibility of
colliding with other molecules on the surface, which results in different sizes of Pd
clusters/particles on the TiO2 surface, and a previous study reported increasing sizes of Pd
clusters on the TiO2 surface with increasing Pd loading [35]. Also, under the flame synthesis
conditions, different Pd species (e.g., metallic Pd and PdO) can be expected. At high
temperature, some oxidation of Pd can occur due to the presence of excess oxygen [37]. For the
same residence time in the flame, the oxidation extent of metal might depend on the metal
concentration. In this study, five different Pd-TiO 2 catalysts were synthesized by varying the
concentration of Pd precursor solution from 0.5 mM to 3.0 mM. The synthesized Pd-TiO 2
catalysts were characterized by different analytical tools, as described below.
Determining Pd loadings (ICP-MS and FESEM-EDS)
ICP-MS confirmed the existence of Pd in the Pd-TiO2 catalysts, and the specific Pd loading was
determined by the same instrument (Table 2.3). As can be seen in Table 2.3, the Pd loading
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values (wt%) obtained from ICP-MS increased from 0.24 wt% to 1.25 wt% with increasing
concentrations of Pd precursor solution. It is worth noting that similar Pd loadings were obtained
by FESEM-EDS, which reveals that most Pd particles were distributed on the catalyst surface,
not in the bulk structure. It should be also noted that the treated catalysts at 773 K showed
similar Pd loadings (data not shown), which implies that most Pd particles were still dispersed on
the catalyst surface. The values obtained by ICP-MS were used for clarification of catalysts and
further calculations. The five different Pd-TiO2 catalysts are hereafter denoted as catalyst 1 (0.24
wt% Pd), catalyst 2 (0.45 wt% Pd), catalyst 3 (0.76 wt% Pd), catalyst 4 (1.08 wt% Pd), and
catalyst 5 (1.25 wt% Pd), respectively. Based on the ICP-MS analytical results, the total Pd
masses in 10 mg of Pd-TiO2 catalyst (

), the mass used for all experiments, were

calculated

and are shown in Table 2.3. As the

concentrations of Pd precursor solution are increased,

also increases, from 23.98 μg to

125.25 μg.
Table 2.3. Total Pd loading, total Pd mass in 10 mg of Pd-TiO2 catalyst (
TiO2 particle (

), and the average size of Pd-

), and the average size of Pd subnano-cluster/nanoparticle (

) as determined from

ICP-MS, FESEM-EDS and STEM analyses.

Pd precursor feed
concentration (mM)

Total Pd
a

loading
(wt%)
catalyst 1
0.5
0.24
catalyst 2
1.0
0.45
catalyst 3
1.3
0.76
catalyst 4
2.1
1.08
catalyst 5
3.0
1.25
a
Total Pd loading was determined by ICP-MS.
b
Total Pd loading was determined by FESEM-EDS.
c
Sizes were determined by STEM (see Figure 2.2).

Total Pd
loading
(wt%)
0.21
0.44
0.75
1.00
1.25
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b

c

(μg)

(nm)

23.98
45.30
75.96
107.91
125.25

7.57 ± 2.19
7.18 ± 2.07
7.61 ± 2.11
7.14 ± 1.04
7.34 ± 1.91

(nm)

c

<0.5
0.51 ± 0.12
0.66 ± 0.16
0.85 ± 0.17
1.04 ± 0.18

Distinguishing crystallinities of the catalysts and phase transformation (XRD)
The crystal structures of the synthesized fresh and the treated Pd-TiO 2 catalysts were evaluated
by XRD, and Figure 2.2 shows their XRD spectra in the 2θ range of 20° to 60°. In the case of the
fresh catalysts, a distinct peak of anatase (101) TiO2 was obtained at a 2θ angle of 25.3°, and
low-intensity of anatase (004), anatase (200), and anatase (211) peaks were observed at 2θ angles
of 37.8°, 48.1°, and 55.1°, respectively. The XRD patterns revealed that the fresh catalysts have
only TiO2 anatase crystal structure, which correlates well with the JCPDS patterns of anatase
(00-021-1272). In addition, the peak intensities for all crystal structures of Pd-TiO 2 catalysts
were very similar to each other and similar to that of the pristine TiO 2 catalyst, which indicates
that the addition of Pd did not change the crystal structure of the TiO 2. On the other hand,
distinct peaks for Pd metal and PdO were not observed, which might be due to the extremely low
Pd loading or to the very small sizes of the Pd clusters/particles.
In the case of the treated catalysts, distinct peaks of anatase and rutile TiO 2 were obtained like
the fresh catalysts: Noticeable peaks of anatase (101), anatase (004), anatase (200), and anatase
(211) were observed. In addition to these anatase peaks, low-intensity of rutile (110) and rutile
(101) peaks were obtained at a 2θ angle of 27.3° and 36.1°, respectively, which match with rutile
phase of TiO2 (JCPDS 75-1753). A slightly shifted peak of Ti 2O3 (116) was also observed at
approximately 54.2°. As can be seen in Figure 2.2b, all treated catalysts showed the peaks at the
same 2θ angles, which indicates that they contain the mixed crystalline structures of TiO 2
(anatase and rutile) and Ti2O3. However, the intensities of the observed peaks were somewhat
different. To clearly see the differences, two magnified versions of figures are shown in Figure
2.2c (the pink-colored region at a 2θ angle ranging from 26° to 43° in Figure 2.2b) and Figure
2.2d (the grey-colored region at a 2θ angle ranging from 50° to 60° in Figure 2.2b). According to
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Figures 1.2c and 1.2d, it can be noted that the intensities of peaks of rutile (110), rutile (101), and
Ti2O3 (116) were decreased as the Pd loading was increased from catalyst 1 to catalyst 5, while
the peak intensity of anatase did not change much. Based on the obtained results, the intensity
ratios between anatase (101) (IA101, the strongest peak of anatase) and rutile (110) (IR110, the
strongest peak of rutile) and between IA101 and Ti2O3 (116) (ITi2O3116) were calculated. The
calculated intensity ratio between IA101 and IR110 was decreased from 0.168 to 0.112 as the Pd
loading was increased from catalyst 1 to catalyst 5. The calculated intensity ratio between I A101
and ITi2O3116 also showed the same decreasing trend from 0.184 to 0.166 with increasing the Pd
loading. The previous study by Tiwari et al. [28] reported that the phase transformation of TiO 2
can be suppressed under a high temperature condition by incorporating a noble metal dopant due
to its surface modification. Current result was consistent with this previous study. On the other
hand, the low-intensity peak of PdO was observed with treated catalysts and its intensity was
increased as the Pd loading was increased. This sudden appearance of PdO in treated catalysts
can be attributed to the sintering effect of Pd on the TiO 2 surface, which will be discussed more
in further sections.
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Figure 2.2. XRD patterns of (a) fresh catalysts and (b-d) treated catalysts.

Investigating similarities and differences of morphology and size of Pd and Pd-TiO 2 between
fresh and treated catalysts (STEM)
The surface morphology and size of the synthesized fresh and treated Pd-TiO 2 catalysts were
investigated by STEM (Figure 2.3). In each case, we counted more than 200 particles to evaluate
the particle size distribution of the Pd-TiO2 particles, and the results are shown in the first
column of Figure 2.3a-e and in Table 2.3. In the case of the fresh catalyst, the five Pd-TiO 2
catalysts had similar size distributions of their bulk structure, and similar average particle sizes (
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): 7.57 ± 2.19 nm, 7.18 ± 2.07 nm, 7.61 ± 2.11 nm, 7.14 ± 1.04 nm, and 7.34 ± 1.91
nm, respectively (red-colored bars in the first column of Figure 2.3) (Table 2.3). The five fresh
catalysts also had similar spherical shapes, as can be seen in the second column of Figure 2.3a-e.
These results reveal that the addition of Pd did not change the particle morphology and size of
the bulk structures. From STEM images, it was confirmed that there were no noticeable Pd
subnano-clusters at the lowest Pd loading (catalyst 1) (Table 2.3). On the other hand, extremely
small Pd subnano-clusters/nanoparticles (bright dots, circled in yellow in the second column of
Figure 2.3), were observed. Pd subnano-clusters (<1 nm) were detected in catalysts 2 and 3,
while both Pd subnano-clusters and Pd nanoparticles (>1 nm) were observed in catalysts 4 and 5
(Table 2.3). The size distributions of Pd subnano-clusters/nanoparticles in all cases were
evaluated, and the results are shown with red-colored bars in the fourth column of Figure 2.3b-e
and in Table 2.3. As can be seen in Figure 2.3 and Table 2.3, the average size of Pd subnanoclusters/nanoparticles (

) increased from 0.51 ± 0.12 nm to 1.04 ± 0.18 nm with increasing

Pd loading (catalyst 2 to 5), which clearly demonstrates that Pd loading affects the size of Pd
subnano-clusters/nanoparticles on the TiO2 surface. Based on this trend, the size of Pd subnanoclusters in catalyst 1 can be assumed to be less than 0.5 nm.
In the case of the treated catalysts, the average particle sizes of Pd-TiO 2 were slightly increased
to approximately 9 nm with the Pd loading was increased, as can be seen in the first column of
Figure 2.3b-e (blue-colored bars). Based on this result, it can be noted that the sintering of the
Pd-TiO2 was not severe at the high temperature condition. Compared to the fresh catalysts
showing very small Pd subnano-clusters and nanoparticles less than 1.5 nm, the treated catalysts
showed larger nanoparticles and their average sizes were increased as the Pd loading was
increased: 1.17 ± 0.26 nm for the treated catalyst 2, 1.41 ± 0.28 nm for the treated catalyst 3, and
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2.27 ± 0.26 nm for the treated catalyst 4, respectively. Previous studies have reported the
increased size of dopants on the support materials at the high temperature condition due to the
sintering of them [31, 38], and our observation showed a similar trend. It is interesting to note
that the treated catalyst 5 contains aggregates of Pd nanoparticles on the TiO 2 surface as well as
the larger Pd nanoparticles. It has been known that the morphology of the nanoparticle can be
affected by both the time for particle-particle collisions and the time for inter-particle
coalescence (i.e. sintering) [39]. When the time for particle-particle collisions is larger than the
time for sintering, the particle coalesces before it collides with another particle, which results in
the larger spherical particle. In the opposite case (the time for particle-particle collisions is
smaller than the time for sintering), the particle collides with another particle before it coalesces,
which causes the aggregates of the particles [39]. In this study, with the largest Pd loading
(catalyst 5), the Pd nanoparticles could have more opportunity to collide with other Pd
nanoparticles on the TiO2 surface. Thereby, the time for colliding can be smaller than the time
for sintering, resulting in the aggregates of Pd nanoparticles on the TiO 2 surface as can be seen in
the third column of Figure 2.3e. It is also worth noting that the morphology of the TiO 2 was
changed to the porous structure, which might be due to the creation of the aggregates of Pd
nanoparticles on it.
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Figure 2.3. Bulk Pd-TiO2 nano particle and Pd subnano cluster/nano particle size distributions, and STEM images of
(a) catalyst 1, (b) catalyst 2, (c) catalyst 3, (d) catalyst 4, and (e) catalyst 5. Results related to the fresh catalysts are
denoted with red-color and results related to the treated catalysts are shown with blue-color.
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Distinguishing oxidation states of components in fresh and treated catalysts (XPS)
To investigate the effect of different Pd loadings on the Pd species in the synthesized Pd-TiO 2
catalysts, the Pd oxidation state in the fresh catalysts was evaluated by XPS, with the results
shown in the left column of Figure 2.4 and summarized in Table 2.4. Three Pd species were
identified based on different characteristic Pd 3d 5/2 core level binding energies: metallic Pd
(335.7 eV), intermediate PdOx (0<x<1) (336.42 eV), and PdO (337.4 eV) [31]. As can be seen in
Figure 2.4 and Table 2.4, the XPS spectra confirm that all the Pd-TiO 2 catalysts contained three
Pd species, but the percentages of the three Pd species changed as the Pd loading changed. The
amount of metallic Pd increased from 33.34 ± 1.23% to 42.32 ± 4.01% as Pd loading was
increased from 0.24 wt% to 0.76 wt% (catalyst 1 to catalyst 3). The amount of metallic Pd
decreased to 35.78 ± 2.89% as Pd loading was further increased to 1.25 wt% (catalyst 5). On the
other hand, the amounts of intermediate PdOx and PdO showed opposite trends to that of metallic
Pd. As mentioned earlier in 3.1., the extent of the oxidation of Pd could be varied with different
Pd loadings at the same flame-synthesizing condition. The results with the fresh catalysts here
are in line with this hypothesis. To study the change in the Pd species at the high temperature
under the same experimental condition, the Pd oxidation state in the treated catalysts was also
characterized by XPS, and the results are shown in the right column of Figure 2.4 and Table
A1.1. As shown in Figure 2.4, the treated catalysts also contained three Pd species, i.e. metallic
Pd, PdO and PdOx. Compared to the fresh catalysts, the proportions of metallic Pd and PdO x
were increased, while the percentage of PdO was decreased as the Pd loading was increased
(Table A1.1). Previous studies revealed that the Pd2+ was reduced into Pd0 and/or Pd+ at the high
temperature during methane oxidation reaction [23, 31]. Our analytical results were consistent
with these previous findings.
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Figure 2.4. XPS spectra of fresh and treated Pd-TiO2 catalysts: Pd metal (light red, 335.7 eV), PdOx (gold, 336.42
eV), PdO (light cyan, 337.4 eV).
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Table 2.4. Fractions of metallic Pd, PdO and intermediate PdOx as determined from XPS analysis, masses of
metallic Pd (𝑴𝒎𝒆𝒕𝒂𝒍𝒍𝒊𝒄 𝑷𝒅 ), PdO (𝑴𝑷𝒅𝑶 ) and intermediate PdOx (𝑴𝑷𝒅𝑶𝒙 ), and total surface area of metallic Pd
(𝑻𝑺𝑨𝒎𝒆𝒕𝒂𝒍𝒍𝒊𝒄 𝑷𝒅 ), PdO (𝑻𝑺𝑨𝑷𝒅𝑶 ) and intermediate PdOx (𝑻𝑺𝑨𝑷𝒅𝑶𝒙 ).

Metallic
Pd (%)

PdO (%)

PdOx
(%)

M

M
(μg)

(μg)

M
(μg)a

TSA
(cm2)

TSA
(cm2)

TSA
(cm2)b

33.34 ±
32.83 ±
33.83 ±
8.00
9.06
8.72
1.23
3.44
2.19
34.93 ±
32.75 ±
32.32 ±
catalyst 2
15.82
17.07
15.74
156.44
241.91
2.70
1.19
1.51
42.32 ±
26.35 ±
31.34 ±
catalyst 3
32.14
23.02
25.59
245.56
252.17
4.01
3.09
1.92
36.40 ±
28.07
35.52 ±
catalyst 4
39.28
34.85
41.21
233.01
296.35
1.89
±1.03
0.90
35.78 ±
25.26 ±
38.96 ±
catalyst 5
44.81
36.39
52.46
217.26
252.97
2.89
4.80
1.91
a
The molecular weight of PdOx was assumed to be the average of the molecular weights of the metallic Pd and PdO.
b
The density of PdOx was assumed to be the average of the densities of the metallic Pd and the PdO.
catalyst 1

Furthermore, the changes in other species, Ti and O, were evaluated by XPS for both the fresh
and the treated catalysts, and the results are shown in Figure A1.1, A1.2, Table A1.2, and Table
A1.3. The Ti 2p spectra in both fresh and treated catalysts were deconvoluted into four peaks at
approximately 456.7 eV, 458.5 eV, 460.3 eV, and 464.2 eV, which are denoted as Ti 3+ (2p3/2),
Ti4+ (2p3/2), Ti3+ (2p1/2), and Ti4+ (2p1/2) [40, 41]. This observation implies that Ti in both fresh
and treated catalysts was mainly in TiO2 phase, and the small amount of Ti was in Ti 2O3 (Ti3+)
phase. Compared to the fresh catalysts, an increasing amount of Ti 3+ was obtained. In addition,
the percentage of Ti3+ was slightly decreased as the Pd loading was increased. These findings
demonstrated the slight phase transformation of TiO2 toward Ti2O3 and the suppressing effect of
Pd on the phase transformation, which were matched with the XRD results in the above section.
It should be noted that the intensity of Ti was not different much among samples. For
comparison, the XPS spectra of O is in both fresh and treated catalysts are shown in Figure A1.2
and Table A1.3. The XPS spectra of both fresh and treated catalysts showed three noticeable
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183.37
230.37
288.03
299.68

peaks, at approximately 529.9 eV, 531.3 eV, and 532.2 eV, which can be assigned respectively
to (1) lattice oxygens in a fully-coordinated environment with metal ions (O lattice), (2) oxygen
deficient regions of the metal oxide (Odeficient region), and (3) adsorbed oxygen species, such as O2,
H2O, or M(metal)-OH on the surface [42], which might be produced during the catalyst synthesis
process. We can term these species intrinsically adsorbed oxygen, or O adsorbed. As can be seen
Figure S2, there was no significant change in Olattice in the fresh and treated catalysts. On the
other hand, an increasing amount of Odeficient region and a decreasing amount of Oadsorbed, which
indicates the desorption of the adsorbed oxygen species at high temperature and the reduction of
Ti and/or Pd.
In the previous sections and this section, it was confirmed that (1) most Pd was deposited on the
TiO2 surface, (2) size of Pd-TiO2 was not changed much, and (3) the intensity of Ti was not
different much among fresh and treated catalysts. Based on these results, the dispersion or
sintering of Pd on the TiO2 surface can be determined by comparing the ratio between the
intensity of Pd 3d (I(Pd)) and Ti 2p (I(Ti)) in fresh and treated catalysts. The ratios were
calculated, and they were compared by obtaining (

) (Table A1.1). The calculated

values were decreased as the Pd loading was increased, which could imply the decreased Pd
coverage on the TiO2 surface due to sintering of Pd. This is consistent with our STEM and XRD
results showing the increasing size of Pd.
Total surface area of different Pd species
Based on the
), PdO (

(Table 2.4) and XPS analytical results, the masses of metallic Pd (
) and intermediate PdOx (
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) were calculated by

(2.1)

(2.2)

(2.3)

where

,

and

represent the molar weights of Pd, PdO and PdOx,

respectively. It should be noted that most Pd subnano-clusters/nanoparticles were distributed on
the catalyst’s surface, which was demonstrated by ICP-MS and FESEM-EDS. Therefore, XPS
analytical results could be combined here to calculate the masses of different Pd phases.
was assumed to be an average of

and

. The calculated values based on the fresh

catalysts are summarized in Table 2.4, where it can be seen that the mass of each Pd species does
not depend on the fraction of Pd species, but instead depends on the Pd loading.
and

,

increased from 8.00 μg, 9.06 μg and 8.72 μg, to 44.81 μg, 36.39 μg and 52.46

μg with increasing Pd loading (catalyst 1 to 5). The total surface area (

) of each Pd species

was further calculated based on
(2.4)
(2.5)

where N, d, and ρ represent the number, diameter, and density of each Pd species, respectively.
For the calculation, the Pd species were assumed to have the same size and spherical shape of Pd
subnano-clusters/nanoparticles, and an average density of metallic Pd and PdO was used for the
density of PdOx. Because of different masses and densities of the three different Pd species,
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different volumes and areas of them were expected. The calculated values are summarized in
Table 2.4. It is worth noting that the
trends.

values of metallic Pd, PdO and PdOx show different

increases with increasing Pd loading (catalyst 2 to 3) and reaches the

largest value of 245.56 cm2. Then, it decreases as the Pd loading is further increased (catalyst 3
to 5). In the case of

, a similar trend is found, but the peak value of 296.35 cm 2 is found

with catalyst 4. The

increases with increasing Pd loading (catalyst 2 to 5) and reaches

its largest value of 299.68 cm2 with the highest Pd loading (catalyst 5). However, for any Pd
phase (metallic Pd, PdO and PdOx), the sample-by-sample

dependence exhibits the same

trend as the percentage of this phase. In the case of the treated catalysts, the comparison was
done among catalysts 2, 3 and 4, and the results are shown in Table A1.1. According to STEM
analytical results, there were aggregates of Pd nanoparticles in the treated catalyst 5, and thereby
the calculation based on the spherical shape of primary Pd particles could not be applied. As can
be seen Table A1.1,

of the treated catalysts followed a similar trend to
was increased from 85.68 cm2 to 124.70 cm2

of the fresh catalysts:

as the Pd loading was increased (catalyst 2 to 3), and then it was decreased to 105.61 cm 2 as the
Pd loading was further increased (catalyst 3 to 4). On the other hand, unlike the fresh catalysts,
and

of the treated catalysts show a similar trend to

of the treated

catalysts: Both were increased to 70.78 cm2 and 131.74 cm2 as the Pd loading was increased
from catalyst 2 to catalyst 3, and further decreased to 64.75 cm 2 and 120.12 cm2 as the Pd
loading was increased to catalyst 4. It should be noted that all TSA of the treated catalysts were
smaller than those of the fresh catalysts because Pd subnano-clusters/nanoparticles were sintered
on the TiO2 surfaces at the high temperature. The
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of metal could play a crucial role in the

catalytic activity by providing active sites for the reaction, and thus higher catalytic activity is
expected with the larger

of metal. Because the

of all Pd species showed different

trends, the important Pd species on the catalytic activity in O 2 removal could be demonstrated,
which is discussed in the following section.

2.3.2 Catalytic Activity of the Synthesized Pd-TiO2 Catalysts in O2 removal
Catalytic activity evaluation in O2 removal
The synthesized Pd-TiO2 catalysts were evaluated for O2 removal. The experiments were
conducted under initial O2 rich composition (O2/CH4

2.4), with excessive CO2 as the balance

of the gas. The experiments under other initial conditions are shown in the following section.
The O2 and CH4 conversions were calculated based on:
(2.6)

where

and

represent the initial and final concentrations of gas, respectively. Data on

“conversion-temperature” dependencies are presented in Figure 2.5 and Table 2.5.
Our system consisted of six gaseous substances (CH 4, O2, CO, H2O, H2 and CO2) of three
elements (C, H, O). Generally, three independent overall reactions are possible (6 substances – 3
elements = 3 independent overall reactions):
,

(2.7)

,

(2.8)
(2.9)
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All reactants and products were analyzed by using a GC. As can be seen in Figure 2.5a,b and
Table 2.5, the concentrations of both O2 and CH4 decreased as the temperature was increased.
CO2 gas was detected, but in our typical experiment the CO 2 concentration was comparatively
high, and its change was hard to monitor. On the other hand, there was no CO observed. In
addition, the dry reforming reaction is highly endothermic and requires considerable external
energy. The low temperature (≤773 K) applied to our experimental system may not favor this
reaction. Therefore, the partial CH4 oxidation (Eq. 2.8) and dry reforming of CH4 (Eq. 2.9)
reactions can be ruled out. It is worth noting that there is no H 2 observed and thereby, water-gas
shift reaction (

) in the system is negligible.

To confirm the generation of CO2 as a product via reaction (2.7), a separate experiment was
performed with He gas as the balance of the gas instead of CO 2, with the results shown in Figure
S3. Decreasing trends were found in the O2 and CH4 concentrations. Only CO2 (no CO) was
clearly observed as a product, and the total concentration of C remained constant during the
reaction. Furthermore, the reaction rate of CH4 is half the reaction rate of O2 via reaction (2.7) (
). The reaction rate of both CH4 and O2 at 723 K and 773 K were summarized in
Table S4. Table S4 indicates stoichiometry: the reaction rates of CH 4 are close to the half of
reaction rates of O2 at both 723 K and 773 K (

). Therefore, complete

CH4 oxidation (Eq. 2.7) was the single overall reaction in this system. All catalysts showed the
same trends of reactant and product concentrations.
Figure 2.5 and Table 2.5 show an enhanced O2 and CH4 conversions with Pd-TiO2 catalysts
compared to those with only TiO2 (~30.9% for O2, and ~50.7% for CH4 at 723 K). This result
emphasizes the importance of Pd in effective O2 removal. In addition, O2 conversion increased
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from 55.8% to 77.0% at 723 K with increasing Pd loading (catalyst 1 to 3). However, it
decreased when the Pd loading was further increased (catalyst 3 to 5). CH 4 conversion was
enhanced from 64.4% to 92.4% as Pd loading was increased (catalyst 1 to 3), and then no
significant difference was observed as Pd loading was further increased.

Figure 2.5. (a) O2 and (b) CH4 conversion vs. temperature with TiO2, catalyst 1, catalyst 2, catalyst 3, catalyst 4, and
catalyst 5.

Table 2.5. O2 and CH4 conversion, and apparent reaction rate constant (Kapp) with TiO2, catalyst 1, catalyst 2,
catalyst 3, catalyst 4, and catalyst 5 at 723 K.

(min-1)

O2 conversion (%)

CH4 conversion (%)

TiO2

30.9

50.7

7.71

catalyst 1

55.8

64.4

17.01

catalyst 2

67.0

81.9

23.10

catalyst 3

77.0

92.4

30.62

catalyst 4

75.3

93.8

29.13

catalyst 5

70.1

93.0

25.15

Apparent reaction rate constant and total surface area of Pd species
Our preliminary experiments at different temperatures proved that the O 2 removal reaction with
Pd-TiO2 catalysts followed an apparent first order reaction (Figure A1.4): the natural log of
40

plotted versus residence time (min) demonstrates a linear trend (R 2>0.92) at different
temperatures. Therefore, the apparent reaction rate constant (

) can be determined by
(2.10)

where C and

represent the concentration of O2 and residence time (min). The calculated

values at 723 K are summarized in Table 2.5. It should be noted that when the plot of

and

the total Pd loading was expressed (Figure 2.6a), an optimal total Pd loading was observed.
Because different Pd species (metallic Pd, PdO and PdO x) could be involved in the O2 removal
reaction, the relationship between

and total Pd loading might not be sufficient to understand

the active phase of Pd for the reaction. To reveal the active phase of Pd which is responsible for
the catalytic activity, it is necessary to distinguish the contributions of different Pd species on the
O2 removal reaction. Also, it must be understood the change in the catalytic properties during the
reaction and corresponding catalytic activity. In the interpretation of kinetic data, the hypothesis
of additivity can be formulated. In accordance with this hypothesis, the reaction occurs on
different Pd phases (i.e., metallic Pd, PdO and PdOx). Previously, Kannisto et al. and Murzin [43,
44] analyzed contributions of different geometric sites into the whole catalytic activity. Similar
to their additive approach,

can be presented as a sum of different contributions:
(2.11)
(2.12)

(2.13)
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where

,

and

represent the apparent reaction rate constants on

metallic Pd, PdO and PdOx, respectively. The obtained

is presented as a function of

fractions of the total surface area of each Pd species ( ,
types of ,

and

and

). In this study, three different

were obtained based on the analytical results of (1) fresh and (2) treated

catalysts, and (3) averages of them:

,

and

represent the fraction of the total

surface area of metallic Pd, PdO and PdOx, respectively, and those in the treated catalysts were
denoted as

,

and

, respectively. In addition,

,

and

were

obtained by averaging the analytical results of fresh and treated catalysts. The relationships
between the calculated

and ,

fractions in the fresh catalysts (

and
,

were further investigated: The plots of
and

) were expressed with temperatures near

at which the catalytic activity was initiated. The plots of
catalysts (

,

and

and

and fractions in the treated

) were displayed with the high temperatures. The

moderate temperatures were used for the plots of

and average fractions (

,

) as well. In the case of the fresh catalysts, a linear increase was observed with

and
and

(metallic Pd) (R2>0.91) (Figure 2.6b), while as for the dependencies between
(PdO) and between

and

and

(PdOx), no correlation was found (Figure A1.5a,b).

Therefore, it can be concluded that for the fresh catalysts, the apparent catalytic activity is
governed by metallic Pd and the contribution of Pd oxides is insignificant.
In the cases of the treated catalysts and the averaged values, like the plot of
(metallic Pd),

was generally linearly increased as both

and

and
were increased

with R2>0.85 and R2>0.90, respectively (Figure 2.5c,d). No correlations between
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and

(PdOx) and between
note that unlike the plot of
and

and
and

were observed (Figure A1.6a,b). It is interesting to
(PdO),

was linearly decreased as both

were increased (Figure A1.7a,b). These results could indicate the metallic Pd is the

active catalytic phase. However, it is risky to conclude that only metallic Pd plays a crucial role
in the reaction. The catalysts generally go through a complex process during the reaction in
which Pd oxides are partially reduced to metallic Pd or/and PdO x (0<x<1) species,
experimentally distinguished (see previous section 3.1.4). The calculated

exhibited the

linear dependence regarding the combined fractions of the total surface area of metallic Pd and
PdOx (

) (Figure A1.8). The previous study by Yang et al. [23] reported the

reduced form of Pd (Pd0 and PdOx (0<x<1)) was preferential for the effective methane oxidation
reaction. A theoretical study by using density functional theory (DFT) calculations also revealed
the lower activation energy barrier for methane decomposition, which is widely accepted as the
reaction rate limiting step, on the reduced PdO surface [45]. Therefore, it could be concluded that
metallic Pd mainly controls the O2 removal reaction and the reduced Pd phase, metallic Pd
or/and PdOx, at high temperature also generates an active phase for the reaction. Our
interpretation of results of physico-chemical analysis and kinetic studies, showing the volcanoshaped dependencies (Figure 2.6a), emphasizes that the Pd loading itself does not affect the
intrinsic catalytic property of the synthesized catalyst, but the fraction of active Pd phases, which
are metallic Pd or/and reduced Pd (PdOx), significantly determines it. Behind the volcano-shaped
dependencies, a linear dependency between the

and the fraction of the total surface area of

active Pd phases (metallic Pd or/and reduced form of Pd) results in the constant catalytic activity
per unit area of metallic Pd or/and reduced form of Pd. It means that we observe the case of socalled structure insensitive catalytic system defined by Boudart [46]. For such systems, the
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catalytic activity per unit of area is related to the specific active component and does not
dependent on the preparation method providing a guidance for the catalyst design [46-48].

Figure 2.6. (a) Variation of the apparent reaction rate constant (Kapp) with (a) Pd loading, (b) the fraction of the
total surface area of metallic Pd in the fresh catalysts (
Pd in the treated catalysts (

), (c) the fraction of the total surface area of metallic

), and (d) the average fraction of the total surface area of metallic Pd (

) at

different temperatures.

Influence of reactants and products: Autocatalytic effect; other reactions
The previous experiments were conducted under O2 rich composition (O2/CH4

2.4). In this

section, two different initial compositions were considered: first, different CO 2 concentrations
(0% and 53%, He as the balance of the gas) under O2 rich composition in the initial gas stream
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were applied. Second, different ratios between O2 and CH4 concentrations (i.e., stoichiometric
composition: O2/CH4

2.0 and O2 lean composition: O2/CH4

1.6 with excessive CO2 as the

balance of the gas) were tested.
To investigate the effect of CO2 concentration in the initial gas stream on the O 2 removal (first
initial composition), experiments with different CO 2 concentrations (i.e., 0% and 53%, He as the
balance of the gas) under O2 rich composition were conducted, and their results and the previous
result with 95% of CO2 are shown in Figure 2.7. Complete CH4 oxidation (Eq. 2.7) was the main
reaction between CH4 and O2, which was proved by the closed values between the reaction rates
of CH4 and the half of reaction rates of O2 (Table A1.5). On the other hand, it should be noted
that both O2 and CH4 conversions were enhanced as the CO2 concentration was increased. To
clearly see the correlation between the reaction rate and the initial CO 2 concentration, the O2
reaction rate versus the initial CO2 concentration was plotted in Figure A1.10. As can be seen in
Figure A1.9, the O2 reaction rate was proportional to the initial CO 2 concentration: the O2
conversion rate (mmol/gcat/hr) versus the concentration of initial CO2 (mol/m3) at different
temperatures could be approximately explained by a linear dependence (R 2>0.88). It can be
defined as an autocatalytic effect. In accordance with our knowledge, this effect can be shown by
the linear correlation between the reaction rate and the concentration of product [49]. Previously,
the autocatalytic effect on different applications has been reported and the accelerated reaction
rates were mostly supported by the lower activation barriers via new intermediates [50, 51].
Therefore, it could be concluded that CO2 is itself involved in the O2 removal reaction. The
process may occur via CO2-containing intermediates and the reaction rate is enhanced as the
autocatalytic reaction. It is possible that the application of DFT calculations will be useful for
understanding this effect.
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Figure 2.7. (a) O2 and (b) CH4 conversion vs. temperature with catalyst 3 under different initial compositions (0%,
53%, and 95% of CO2 in balance He).

Results under second initial composition were compared with the previous one which was
performed under O2 rich composition with excessive CO2 as the balance of the gas (95%) in
Figure 2.8. Figure 2.8 demonstrates: as the ratio between O 2 and CH4 was decreased from the O2
rich composition to the O2 lean one, the conversion of O2 was increased. For example, the O2
conversion was increased from 77% to 88% at 723 K, while the CH 4 conversion was decreased
from 92% to 69%. This result indicates that more reaction source (CH 4) can enhance the O2
conversion. It should be also noted that there was a sharp increase in the CH 4 conversion at
around 723 K under O2 lean condition (Figure 2.8b). This sudden increase in the CH4 conversion
could be due to the dry reforming of CH4 reaction (Eq. 2.9). It can be supported by Figure 2.9,
which shows: at high temperature (> 723 K), CO generates under only O 2 lean composition. It
can be also shown by the reaction rates of CH 4, O2, and CO which were summarized in Table
A1.6. Via both complete CH4 oxidation reaction (Eq. 2.7) and dry reforming of CH 4 reaction
(Eq. 2.9), the reaction rate of CH4 is the same as the difference between the half of the reaction
rate of O2 and the half of the reaction rate of CO. Table A1.6 demonstrates that there was both
complete CH4 oxidation reaction and dry reforming of CH4 under O2 lean composition at 773 K.
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A previous study reported the same trend which shows the decreasing CO 2 selectivity due to the
formation of CO under O2 lean composition O2/CH4

1.5 and 1.75) [16]. This experimental

result implies that the excessive CH4 could cause a nonpreferred reaction by reacting with CO2 to
generate CO.

Figure 2.8. (a) O2 and (b) CH4 conversion vs. temperature with catalyst 3 under different initial compositions (O2
rich composition: O2/CH4

2.4, stoichiometric composition: O2/CH4
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2.0, O2 lean composition: O2/CH4

1.6).

Figure 2.9. (a)-(c) change in the concentration of O2, CH4, and CO with catalyst 3 under different initial
compositions (O2 rich composition: O2/CH4

2.4, stoichiometric composition: O2/CH4

composition: O2/CH4

2.0, O2 lean

1.6).

2.4 Conclusions
Pd-TiO2 catalysts with varying Pd loading (0.24 wt% - 1.25 wt%) were synthesized by using a
flame aerosol reactor, and the material and kinetic characteristics of the fresh catalysts and the
treated catalysts at high temperature under the same experimental conditions were evaluated. Our
study contributes to three major findings:
(1) In the case of the fresh catalysts, the addition of Pd did not change the crystal structure of the
base TiO2, and the size of the Pd-TiO2 particle did not change with different Pd loadings, but the
size of Pd subnano-clusters/nanoparticles and the oxidation state of Pd (metallic Pd, PdO and
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PdOx) was significantly affected by Pd loading. In the case of the treated catalysts, small change
in the phase of TiO2 from anatase TiO2 to both rutile TiO2 and Ti2O3 was observed, but the phase
transformation was suppressed with increasing of the Pd loading. Two major changes in Pd on the
catalyst’s surface were observed: First, increased size of Pd nanoparticles on the catalyst’s surface
was observed due to the sintering effect. With the highest Pd loading, aggregates of Pd
nanoparticles on the catalyst’s surface were obtained. Second, some amount of PdO was reduced
to either metallic Pd or intermediate PdO x.
(2) The total surface areas of different Pd species in the fresh and treated catalysts were
evaluated based on the size distribution of Pd and fractions of Pd species. For the fresh catalysts,
the apparent reaction rate constants were proportional to the calculated fraction of the total
surface area (TSA) of metallic Pd. For the treated catalysts, a linear correlation between the
apparent reaction rate constants and the combined fraction of TSA (metallic Pd and reduced Pd
oxide, i.e. PdOx (0<x<1)) was obtained as well. Different catalytic characteristics on Pd loading,
i.e. the total surface area of metallic Pd, conversion of O 2 and apparent reaction rate constants,
exhibit the volcano-shaped dependencies. However, behind these dependencies, a linear
proportionality between apparent kinetic constants and fractions of total surface areas of metallic
Pd or/and reduced Pd oxide is revealed using distinguishing different Pd phases, which
represents the intrinsic activity of the active site.
(3) Two different initial conditions (i.e., different ratios between O2 and CH4 concentrations and
different CO2 concentrations) were tested and revealed CO generation at high temperature under
O2 lean condition. In addition, the reaction rate of O2 had a linear dependency on the initial CO2
concentration, which was indicated by an autocatalytic reaction effect.
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This study provides structural and kinetic investigation on O2 removal with flame-synthesized PdTiO2 catalysts and emphasizes the kinetic role of metallic Pd and reduced Pd oxide, i.e. PdO x
(0<x<1). This study also proposed a positive effect of initial CO 2 concentration on O2 removal via
an autocatalytic reaction effect. Detailed role of dry reforming reaction under different initial
conditions and autocatalytic reaction effect on O2 removal will be addressed in our further study.
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Chapter 3: Investigation of Effect of CO2 on
O2 Removal

The results of this chapter have been compiled for publication: S. Jung, T. Cao, R. Mishra, P.
Biswas, Mechanistic studies of autocatalytic oxygen removal from concentrated CO 2-stream. To
be submitted to ACS Catalysis.
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Abstract
Oxy-coal combustion system has been developed to effectively capture large amount of CO 2 in its
flue gas. The concentrated CO2 stream could be obtained, which can be further utilized for
enhanced oil recovery or sequestration. However, remnant O2 concentration in it has been a
limitation for those applications. To purify remnant O2 in the flue gas, catalytic CH4 oxidation was
applied and has shown a great removal efficiency. However, there is no study about the effect of
the excessive CO2 in the flue gas on O2 removal. In this study, the effect of the excessive CO 2 in
the feed stream on O2 removal with CH4 was investigated by using both experimental and
theoretical approaches. Pd-TiO2 catalyst was synthesized via aerosol route and further
experimentally examined. Experimental results revealed: (1) There was only complete CH 4
oxidation reaction. (2) As the CO2 concentration in the feed stream was increased, the generation
rate of CO2 was increased. This finding could be explained by two assumptions, i.e. an
autocatalytic effect and a surface coverage effect. Density functional theory (DFT) calculations
were conducted with a slab Pd (111) surface to examine two assumptions. Theoretical results
showed: (1) Surface CO2 coverage affected CH4 dissociation, a well-known rate limiting step
during complete CH4 oxidation reaction, and a decreased activation energy of CH4 dissociation
was observed with increasing surface CO2 coverage. (2) Among possible CO2 reactions including
direct CO2 dissociation, HOCO was found to be form via a relatively low activation energy.
Surface HOCO coverage was further tested and a negative effect of it on CH 4 dissociation was
found. (3) Surface CO2 coverage positively affected the overall complete CH 4 oxidation by
lowering activation energies for most reactions. Our findings emphasize the positive effect of the
excessive CO2 on O2 removal via surface CO2 coverage.
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3.1 Introduction
Oxy combustion has been developed to effectively capture CO 2 in large power plants by using
enriched O2 in the feed stream [1-4]. A highly concentrated CO2 stream (>63%) in the exhaust
gas can be obtained from the oxy combustion system and can be further utilized for enhanced oil
recovery (EOR) [5] or sequestration [6]. However, it cannot be directly applied for both
applications due to remnant O2 (~3%) which causes corrosion inside transport pipes [7, 8]. The
U.S. Department of Energy has reported that the maximum concentration of O 2 should be limited
to 100 ppmv for the EOR [7]. Therefore, it requires to lower O 2 concentration in the flue gas
stream from oxy combustion system.
To resolve this limitation, catalytic CH4 oxidation can be one promising solution and recent
studies have shown positive progresses toward effective O 2 removal [9-11]. Supported catalysts
by noble metals (e.g. Pd and Pt) and non-noble metals (e.g. Cu) have been applied in those
studies and showed a high removal efficiency of O2 (>95%) at lower temperature (<773 K) [911]. In addition to the high removal efficiency of O2, the effect of gas composition in the feed
stream was also reported: Kuhn et al. [10] tested different ratios between O 2 and CH4. Under rich
O2 condition and near stoichiometric condition (O2/CH4=2) in the feed stream, a complete CH4
oxidation was revealed as a major reaction. On the other hand, under lean O 2 condition, there
was CO generation via dry reforming of CH4 reaction as well. However, there is still insufficient
information about the effect of excessive CO2 in the feed stream on the O2 removal and its
mechanism.
Previously, researchers have extensively conducted the mechanistic study of complete CH 4
oxidation with various catalysts by using both experimental and theoretical approaches [12-19].
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In those studies, reaction mechanisms and rate limiting steps on the active catalytic surfaces
under different conditions have been reported: Experimental studies revealed gaseous
intermediates and products such as CO and CO 2 by using gas chromatography and also
elucidated adsorbed surface intermediates such as formats and carbonates species by using in situ
diffuse reflectance infrared Fourier transform spectroscopy (in situ DRIFTS) analyses, which
were used to conclude possible reaction pathways [12-14]. Theoretical studies investigated
various reaction pathways and their activation energy barriers by using density functional theory
(DFT) calculations to find the overall reaction pathways and the reaction energy landscape [1518]. With their efforts, detailed possible mechanisms and important intermediates such as COH
and OCOH were discovered. Also, a detailed study by Chin et al. [19] combined both
experimental and theoretical approaches to interpret their experimental data. In their study, four
different experimental zones depending on the ratio between O 2 and CH4 were defined and
relative reaction steps were thoroughly investigated. Even though previous studies have provided
the overall reaction landscape, to the best of our knowledge, the effect of the excessive CO 2 in
the feed stream on O2 removal via complete CH4 oxidation reaction was not discovered.
Our recent preliminary study reported a strong correlation between the concentration of CO 2 in
the feed stream and the conversion rate of O2 under slightly rich O2 condition (O2/CH4 2.3)
[20]: Enhanced efficiency of O2 removal via complete CH4 oxidation reaction was observed with
increasing CO2 concentration in the feed stream. It can be defined as either an autocatalytic
effect or coverage effect of CO2. The autocatalytic effect could be shown by the linear
correlation between the reaction rate and the concentration of product [21]. Previously, the
autocatalytic effect on different applications has been reported and the accelerated reaction rates
were mostly supported by the lower activation barriers via new intermediates [22, 23]. On the
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other hand, coverage effect of surface species on various applications have been also reported in
previous studies [24, 25]. The changed activation energy barriers were reported depending on
different surface coverage due to the modification of the surface electronic structure. Additional
research should be conducted to reveal the unknown effect of CO 2 on the accelerated complete
CH4 oxidation reaction.
In this study, the effect of CO2 in the feed stream on the complete CH4 oxidation reaction was
investigated by using both experimental and theoretical approaches. Pd-TiO 2 catalyst was
synthesized via aerosol route and was used to experimentally examine the effect of the CO 2 in
the feed stream on O2 removal. Four different CO 2 concentrations in the feed stream were
applied. A detailed mechanistic study regarding the influence of CO 2 on the reaction was further
conducted by using density functional theory (DFT) calculations. For calculations, a slab Pd
(111) surface was created. Both effect of surface coverage and autocatalytic effect were
examined by applying various surface CO2 coverage and investigating new intermediates related
to CO2.

3.2 Materials and Methods
Material preparation, characterization, and experimental procedure are described first, followed
by computational details.

3.2.1 Material Preparation, Characterization, and Experimental Procedure
Pd-TiO2 catalyst was synthesized by using flame aerosol reactor (FLAR). The detailed
information of the synthesis procedure is elucidated in Chapter 2 (2.2.1). Briefly, the bubbler was
used to introduce the TTIP precursor vapor into the flame aerosol reactor. A certain amount of
palladium acetylacetonate (Pd(acac)2, 97%, Sigma-Aldrich) was dissolved in xylene (reagent
61

grade, Sigma-Aldrich) and acetonitrile (99.8%, Sigma-Aldrich) mixture (2:1, v/v) to prepare 1.3
M of precursor solution. The mixed precursor solution was introduced into the flame aerosol
reactor via a Collison nebulizer with a N2 carrier gas. Both precursors were introduced into the
flame aerosol reactor through the center port of the reactor. CH 4 and O2 were introduced into the
flame aerosol reactor through the second and the third ports of the reactor with flow rates of 0.35
L min-1 and 2.5 L min-1, respectively. The produced particles were collected at the end of the
system on an isopore membrane filter. Based on the result in Chapter 2, 0.76 wt% Pd-TiO 2
catalyst was finally produced with the precursor concentration of 1.3 M.
The material’s structural properties of the synthesized catalyst were determined by using
different analytical tools. The morphology and size of the synthesized catalyst was evaluated by
scanning transmission electron microscopy (STEM) (TEM, JEOL 2100F, Jeol). The oxidation
state of Pd on TiO2 surface was determined by X-ray photoelectron spectroscopy (XPS, Versa
probe ii, Physical Electronics). XPS analysis was performed in triplicate and many spots were
investigated for STEM analysis to generate representative data.
Experimental setup and procedure are expressed in Chapter 2 (2.2.3). Briefly, 10 mg of the
synthesized catalyst was put into a fixed bed reactor. The experiments were performed under
stoichiometric gas composition (O2/CH4=2) with various concentration of CO2 in the feed stream
(0 mol m3 (0%) – 38.6 mol m3 (95.5%)). He was used as the balance of the gas if needed. By
controlling the concentration of CO2 in the feed stream, the effect of the excessive CO2 on O2
removal was investigated. Atmospheric pressure and temperatures ranging from room
temperature to 773 K were applied. The initial, intermediate, and final gas compositions during
the O2 removal reaction were measured by gas chromatography (GC, 7890B, Agilent
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Technologies, Inc.) equipped with a porous layer open tubular (PLOT) capillary column and a
thermal conductivity detector (TCD). Helium was used as a carrier gas.

3.2.2 Computational Details
All DFT calculations in this study were performed with the Vienna Ab-initio Software Package
(VASP) [26]. The Perdew, Burke, Ernzerhof (PBE) [27] functional was used to represent the
exchange-correlation energy. As stated in Chapter 2, metallic Pd plays a major role for the O 2
removal and thereby, metallic Pd was used for the calculations. It is widely known that the
lowest surface energy among different facets of a face-centered cubic (fcc) metal is (111) and
followed by (100) and (110) [28], which implies that (111) facet could be a majority of facets of
particles. Therefore, Pd (111) was used in this study. A (3

3) Pd (111) surface with three layers

were created. The bottom layer was fixed, and the other layers were relaxed to mimic the bulk
structure. The surface consists of 15 Å of vacuum above the top layer, and the created Pd (111)
surface is described in Figure 3.1. All calculations were conducted using a (3

3

1)

Monkhorst set of the k-space integration, and the energy cutoff for the kinetic energy of 450 eV
was employed.
The adsorption energy (

, eV) of molecules is defined as

(3.1)

where

,

, and

represent the energy of the adsorbed system, the

gas-phase molecule, and the bare surface, respectively. A negative adsorption energy indicates
that the adsorption of molecules is exothermic reaction, while a positive adsorption energy
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represents the endothermic reaction. Four different adsorption sites (top, bridge, fcc, and hcp)
(Figure 3.1) were used to determine the most favorable adsorption site.
The nudged elastic band (NEB) method [29-31] was used to investigate the transition states and the
activation energy. The activation energy (

, eV) was defined as

(3.2)

where

is the transition state. Hereafter, the initial state and the final state are denoted as IS

and FS, respectively.

Top view
Vacuum:
15 Å

top
bridge
fcc
hcp

Relaxed
Fixed

Figure 3.1. Structure of Pd (111) and adsorption sites on it.
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3.3 Results and Discussion
3.3.1 Effect of Excessive CO2 on O2 removal
Structural properties of the synthesized Pd-TiO2 catalyst was first evaluated by using analytical
tools and their results are shown in Figure 3.2a-c. Then, the catalytic activity of the catalyst for
O2 removal was investigated under various concentrations of CO 2 in the feed stream, which is
depicted in Figure 3.2d-f.
The morphology and the size of the synthesized Pd-TiO 2 was investigated by STEM and the
representative image is shown in Figure 3.2a. As can be seen in Figure 3.2a, the synthesized PdTiO2 catalyst had a spherical shape (~ 8 nm), and small Pd subnano clusters (< 1 nm) and
nanoparticles (>1 nm) were well-dispersed on its surface (bright dots inside pink circles in Figure
3.2a). The size distribution of Pd subnano clusters and nanoparticles was evaluated and is shown
in the inset of Figure 3.2a. Based on the size distribution, the average size of Pd subnano clusters
and nanoparticles was determined as 0.74 nm ± 0.15 nm.
The oxidation state of Pd was evaluated by XPS, and the XPS spectra is shown in Figure 3.2b.
Figure 3.2b reveals that Pd contained three different species which were metallic Pd (335.7 eV),
intermediate PdOx (0<x<1) (336.42 eV), and PdO (337.4 eV) [32]. Previously, metallic Pd
among three Pd species showed the linear dependence to the apparent reaction rate constant
(Figure 3.2c), which indicates that metallic Pd played a major role for O 2 removal. It should be
noted that there was no H2 or CO generation during the reaction, which implies that there was
only one reaction, i.e. complete CH4 oxidation.
To investigate the effect of CO2 in the feed stream on the O2 removal, experiments with
different initial CO2 concentrations (0 mol m-3 - 38.6 mol m-3, He was used as the balance of the
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gas) under stoichiometric condition (O2/CH4=2) were performed and the results are shown in
Figures 3.2d and 3.2e. As can be seen in Figures 2d and 2e, both O 2 conversion and CH4
conversion were increased as the CO2 concentration in the feed stream was increased. To clearly
see the correlation between the reaction rate and the initial CO 2 concentration, the generation rate
of CO2 versus the initial CO2 concentration was plotted in Figure 3.1f. The plot indicates that the
generation rate of CO2 was proportional to the initial CO2 concentration: The generation rate of
CO2 (mmol hr-1) versus the initial concentration of CO2 (mol m-3) at different temperatures can
be explained by a linear dependence (R2>0.92). Our current results are consistent with our
previously reported data under the slightly rich O2 condition (O2/CH4≈2.3) in the feed stream
[20] (reported in Chapter 2 as well). As explained in Introduction, it can be defined as either an
autocatalytic effect or coverage effect of CO2. The accelerated reaction rate could be supported
by the lower activation energy barriers via creating new intermediates (autocatalytic effect) or
via modification of the surface (surface coverage effect) [22-25]. Based on this finding, it could
be concluded that CO2 is itself directly or indirectly involved in the O2 removal reaction. The
process may occur via CO2-containing intermediates and the reaction rate is enhanced as the
autocatalytic reaction, or via the modification of the surface’s electronic structure due to the
effect of surface coverage of CO2. To understand this phenomenon, density functional theory
(DFT) calculations were applied and results were described in following sections. It should be
noted that complete CH4 oxidation was the main reaction, which was proved by 1) no generation
of H2 and CO, and by 2) the closed values between the reaction rates of CH 4 and the half of the
reaction rate of O2 (Table A2.1 in the Appendix 2).

66

Figure 3.2. Summary of experimental results: (a) STEM image of Pd-TiO 2 catalyst, (b) XPS spectra of Pd, (c)
fraction of total surface area of metallic Pd vs. the apparent reaction rate [20], (d) and (e) conversions of O 2 and CH4
with increasing temperature, and (f) the plot between initial CO2 concentration and generation rate of CO2.

3.3.2 CO2 Adsorption on Pd (111)
It has been demonstrated that CO2 molecule is physisorbed and then is chemisorbed on the metal
surface [28]. In this study, various configurations of CO 2 were considered and their adsorption
on Pd was investigated, which is shown in Figure 3.3. As can be seen in Figure 3.3, regardless of
its configuration, CO2 molecules preferred to be weakly physisorbed on Pd (111) surface: The
bond length between C and O atoms was approximately 1.18 Å and the angle of O-C-O was
179.3°. And the distance between O atom and top of Pd was 3.15 Å, which indicates CO 2
molecule is very weakly physisorbed on Pd (111) surface. Then, the physisorbed CO 2 molecule
was transformed to the chemisorbed CO2 molecule: The chemisorbed CO2 molecule on Pd (111)
surface had a bidentate configuration. The lengths between C and O atoms were around 1.21 Å
and 1.26 Å, and the angle of O-C-O was 138°. This bent structure indicates the CO 2 molecule
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was chemisorbed on Pd (111) surface. The distance between O atom and top of Pd was 2.16 Å,
which is also shorter than that in the case of physisorption. The adsorption energy of the
chemisorbed CO2 on Pd (111) was calculated to be 0.05 eV, which is well-matched with a
previously reported value [33]. The activation energy between the physisorbed CO 2 and the
chemisorbed CO2 was calculated as approximately 0.18 eV (Figure 3.3). The results indicate that
CO2 molecules could be very weakly physisorbed on Pd (111) surface. Then, they could be
chemisorbed with a small activation energy barrier. However, the final state of the chemisorbed
CO2 is slightly uphill, which implies that the reaction is slightly endothermic reaction. Therefore,
chemisorbed CO2 molecules could easily desorb from Pd (111) surface. However, under our
experimental condition, i.e. excessive CO2 concentration in the initial gas stream, some CO2
molecules could stay on Pd (111) surface even though other CO 2 molecules might desorb from
the surface. In the next section, the influence of CO2 coverage on Pd (111) was examined.

0.20

Energy (eV)

0.15
0.10
0.05
0.00

Figure 3.3. CO2 adsorption on Pd (111).
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3.3.3 CO2 Coverage on Pd (111) and Its Effect on CH4 Dissociation
Experimental results confirmed that complete CH 4 oxidation is the only major reaction during O2
removal. Therefore, our further calculations were performed based on completed CH 4 oxidation
reaction. Also, it has been widely accepted that the dissociation of CH 4 is the late limiting step
[16, 18]. As a first step, various CO2 coverages (0.125 ML, 0.25 ML, and 0.375 ML, ML is
monolayer) on Pd (111) surface were applied to investigate the effect of them on the CH 4
dissociation. Because the adsorption energy of CO 2 is very weak (~ 0.05 eV) and it has been
demonstrated that the chemisorbed CO2 has low diffusion barriers [28], different adsorption sites
could provide for CO2 adsorption. Different adsorption sites are shown in Figure 3.4a. Reaction
energy (

) and activation energy (

) with and without CO2 were calculated and the results are

shown in Figures 3.4b and 3.4c. Four things can be noted: First, CH 4 dissociation without CO2
was a slightly exothermic reaction and has approximately 1.28 eV as activation energy barrier.
Second, regardless of coverage, adsorbed CO2 reduced the energy of initial state. For example,
initial energy of CH4 and one CO2 in St1 was around 0.3 eV lower than that without CO 2. This
could indicate that adsorbed CO2 provides more favorable environment for CH4 adsorption on Pd
(111) surface. Third, activation energy of CH 4 dissociation with CO2 was lower than that without
CO2. Fourth, activation energy of CH4 dissociation was depending on the adsorption site of CO 2.
This effect was clearer with lower CO2 coverage. To clearly see the trend of CO2 coverage and
CH4 dissociation, CO2 coverage versus activation energy of CH4 dissociation was plotted in
Figure 3.4d. As can be seen in Figure 3.4d, as CO 2 coverage was increased, the activation energy
of CH4 dissociation was decreased, which implies that adsorbed CO 2 on Pd (111) creates more
favorable environment for CH4 dissociation and therefore, enhanced CH4 conversion was
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expected, i.e. enhanced O2 conversion as well. This result can support our experimental results
showing the enhanced O2 and CH4 conversions with increasing the initial CO2 concentration.

Figure 3.4. Coverage effect of CO2 on Pd (111) surface on CH4 dissociation.

3.3.4 Reactions of CO2 on Pd (111)
The effect of adsorbed CO2 on CH4 dissociation was studied in previous section. In this section,
the possibility of other CO2 reactions on Pd (111) was investigated. Several reactions are
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explained in Figure 3.5a: First, direct dissociation of CO 2 (CO2*  CO + O). Second, reaction
with adsorbed CH4 (CO2* + CH4*  HOCO* + CH3*). Third, reaction with adsorbed CH4 (CO2*
+ CH3*  COOCH3*). Fourth, reaction with adsorbed H (CO2* + H*  HOCO*). (* indicates the
adsorbed species.) Third and Fourth reactions are related to the products of CH 4 dissociation, i.e.
CH3 and H. Four different adsorption sites (Figure 3.1) were considered to determine the
optimized structure of initial and final states and NEB calculations were conducted to search the
transition states and activation energies. The result is shown in Figure 3.5b. It should be noted
that the scale of y-axis is much higher than that in Figure 3.4b which means that most reactions
have high activation energies. Among reactions, direction dissociation of CO 2 has the highest
activation energy (~ 2.7 eV) and followed by reaction with adsorbed CH 4 (~ 2.6 eV), reaction
with adsorbed CH3 (~ 1.5 eV), and reaction with adsorbed H (~ 0.85 eV). Due to high activation
energies, reactions except reaction with adsorbed H cannot be feasible. The activation energy of
the reaction with adsorbed H is comparative with the reaction between adsorbed O and adsorbed
H (~ 0.83 eV), which implies that adsorbed H possibly reacts with both adsorbed O and adsorbed
CO2. Therefore, the product (HOCO) from the reaction between adsorbed CO 2 and adsorbed H
might affect the CH4 dissociation as well.
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Figure 3.5. Possible reactions of CO2 on Pd (111).

3.3.5 HOCO Coverage on Pd (111) and Its Effect on CH4 Dissociation
In the above section 3.3.4, it has been found that HOCO *, one of possible intermediate, is
possibly created via the reaction of CO2*+H*HOCO*. Following the same procedure
elucidated in 3.3.3, different HOCO coverages (0.125 ML, 0.25 ML, and 0.375 ML, ML is
monolayer) on Pd (111) surface were applied to examine the effect of them on the CH 4
dissociation. Three different adsorption sites were used for HOCO adsorption (inset in Figure
3.6a). Reaction energy (

) and activation energy (

) for the CH4 dissociation on Pd (111) with

and without HOCO were calculated and the results are shown in Figures 3.6b and 3.6c.
According to the obtained results, several things should be noted: First, adsorbed HOCO lowered
the energy of initial state (CH4* with HOCO*) in all cases of HOCO coverages. For instance,
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initial energy of CH4 and one HOCO in St1 was approximately 0.3 eV lower than that without
HOCO. This result is similar to that initial energy with CO 2 coverage illustrated in 3.3.3 and
implies that adsorbed HOCO makes more favorable environment for CH 4 adsorption on Pd
(111). Second, CH4 dissociation with different HOCO coverages was mostly endothermic, i.e.
higher energy at final state compared to that at initial state. This is different from the results with
CO2 coverage and indicates that CH4 dissociation with HOCO coverage is a thermodynamically
unfavorable reaction. Third, activation energy of CH4 dissociation was not strongly dependent on
the adsorption site for HOCO on Pd (111), which might be attributed to a stronger adsorption
energy of HOCO on Pd (111) compared to that of CO 2. Fourth, activation energies of CH4
dissociation with HOCO coverages of 0.125 ML and 0.25 ML were lower than that without
HOCO, while it with HOCO coverage of 0.375 ML was slightly higher. To see the relation
between HOCO coverage and CH4 dissociation, HOCO coverage versus activation energy of
CH4 dissociation was plotted in Figure 3.6d. Figure 3.6d shows that the activation energy of CH 4
dissociation was decreased as there is lower HOCO coverage on Pd (111) (0.125 ML and 0.25
ML). However, it was increased with the highest HOCO coverage (0.375 ML), which indicates
that high HOCO coverage is not favorable for CH 4 dissociation.
Based on overall results, it could be concluded that CH 4 dissociation with HOCO coverage on Pd
(111) was not feasible because it is endothermic and causes higher activation energy with higher
HOCO coverage.
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Figure 3.6. Coverage effect of HOCO on Pd (111) surface on CH 4 dissociation.

3.3.6 Potential Energy Profile with CO2 Coverage
Based on the above findings, CO2 coverage was found to have a potential positive effect on
complete CH4 oxidation by lowering the activation energy of the rate limiting step, i.e. CH 4
dissociation. In this section, the effect of CO2 coverage (0.375 ML) on overall complete CH4
oxidation was investigated and energy profile of complete CH 4 oxidation with CO2 coverage is
presented in Figure 3.7. It can be found from the Figure 3.7 that complete CH 4 oxidation reaction
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was sensitive to surface CO2 coverage and activation energies during the reaction were lower
with surface CO2 coverage: For example, lower activation energy barriers were distinct in the
reactions of CH2 dissociation to CH and H and CH dissociation to C and H. Transition states of
all reactions with and without surface CO2 coverage are shown in insets in Figure 3.7: Transition
states of all reactions without surface CO2 coverage are presented in blue region in inset in
Figure 3.7, and transition states of all reactions with surface CO 2 coverage are depicted in red
region in inset in Figure 3.7, respectively. As can be seen in inset in Figure 3.7, the distances
between C and dissociated H were extended with surface CO 2 coverage during the reactions of
CH4 dissociation (CH4*  CH3*+H*), CH3 dissociation (CH3*  CH2*+H*), CH2 dissociation
(CH2*  CH*+H*), and CH dissociation (CH*  C*+H*): For example, the distance between C
and dissociated H from CH2 was 1.525 Å with surface CO2 coverage, which is longer than that
(1.414 Å) without surface CO2 coverage. On the other hand, the distances between C and reacted
O were shorten with surface CO2 coverage during the reactions of CO formation (C*+O*CO*)
and CO2 formation (CO*+O*CO2*): For instance, the distance between C and reacted O was
2.098 Å with surface CO2 coverage in the reaction of CO2 formation, while it was 2.113 Å
without surface CO2 coverage. This modified structure could be attributed to the change in the
charge density distribution with surface CO 2 coverage. Previous study by Wu et al. [24] reported
a charge transfer due to the modification of the charge density distribution with surface HOCO
coverage. Therefore, it could be concluded that surface CO 2 coverage strongly influence the
overall complete CH4 oxidation reaction via changing the surface charge distribution.
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Figure 3.7. Energy profile of complete CH4 oxidation reaction with and without CO2 coverage on Pd (111).

3.4 Conclusions
The effect of the excessive CO2 in the feed stream on O2 removal with CH4 was investigated by
using both experimental and theoretical approaches. Pd-TiO 2 catalyst was synthesized via aerosol
route and further experimentally examined to investigate the effect of CO2 concentration in the
feed stream on O2 removal. Experimental results revealed that (1) there was only one major
reaction which was complete CH4 oxidation reaction and (2) as the CO2 concentration in the feed
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stream was increased, the generation rate of CO 2 was increased. This finding can be explained by
two assumptions, i.e. an autocatalytic effect and a surface coverage effect. To figure out the reason
for the phenomena, density functional theory (DFT) calculations were conducted with a slab Pd
(111) surface. Theoretical results contribute three findings: (1) Surface CO 2 coverage affected CH4
dissociation, which is a well-known rate limiting step during complete CH 4 oxidation reaction, and
as surface CO2 coverage was increased, an activation energy barrier for CH4 dissociation was
decreased. (2) Due to high activation energy barriers, CO2-containing intermediates including
COOCH3 and CO2 direct dissociation were not feasible. Unlike them, HOCO was found to be
possibly formed via a relatively low activation energy. Surface HOCO coverage for CH 4
dissociation was further examined, but the results revealed a negative effect of it on the reaction.
(3) Surface CO2 coverage was found to positively affect the overall complete CH 4 oxidation by
lowering the activation energy barriers for most of reactions, which could be attributed to the
modification of surface charge distribution.
This study provides a detailed information about the effect of the excessive CO 2 in the feed stream
on O2 removal via surface CO2 coverage by using both experimental and theoretical approaches.
Especially, it is the first time to investigate the effect of the excessive CO 2 on complete CH4
oxidation. Our findings emphasize the positive effect of CO 2 in the initial stream on purity remnant
O2 in the flue gas via complete CH4 oxidation reaction from oxy-combustion system. It could be
further helpful design experiments to purify the flue gas from oxy-coal combustion system.

77

3.5 References
[1] B. J. P. Buhre, L. K. Elliott, C. D. Sheng, R. P. Gupta, T. F. Wall, Oxy-fuel combustion
technology for coal-fired power generation, Prog. Energ Combust. Sci. 31 (2005) 283-307.
[2] A. Gopan, B. M. Kumfer, J. Phillips, D. Thimsen, R. Smith, R. L. Axelbaum, Process design
and performance analysis of a Staged, Pressurized Oxy-Combustion (SPOC) power plant for
carbon capture, Appl. Energ. 125 (2014) 179-188.
[3] K. Jordal, M. Anheden, J. Yan, L. Strömberg, Oxyfuel combustion for coal-fired power
generation with CO2 capture-opportunities and challenges, Greenhouse Gas Control
Technologies 7 (2005) 201-209.
[4] M. Kanniche, R. Gros-Bonnivard, P. Jaud, J. Valle-Marcos, J. M. Amann, C. Bouallou, Precombustion, post-combustion and oxy-combustion in thermal power plant for CO 2 capture, Appl.
Therm. Eng. 30 (2010) 53-62.
[5] Z. Dai, R. Middleton, H. Viswanathan, J. Fessenden-Rahn, J. Bauman, R. Pawar, S. Y. Lee,
B. McPherson, An integrated framework for optimizing CO 2 Sequestration and enhanced oil
recovery, Environ. Sci. Technol. Lett. 1 (2014) 49-54.
[6] S. Chu, Carbon capture and sequestration, Science 325 (2009) 1599-1599.
[7] DOE/NETL, Quality guidelines for energy system studies: CO 2 impurity design parameters,
(2013).
[8] F. Ortloff, J. Bohnau, F. Graf, T. Kolb, Removal of oxygen from (bio-)methane via catalytic
oxidation of CH4-Reaction kinetics for very low O 2:CH4 ratios, Appl. Catal., B 182 (2016) 375384.
[9] Q. Zheng, S. Zhou, M. Lail, K. Amato, Oxygen removal from oxy-combustion flue gas for
CO2 purification via catalytic methane oxidation, Ind. Eng. Chem. Res. 57 (2018) 1954-1960.
78

[10] A. N. Kuhn, Z. Chen, Y. Lu, H. Yang, Sequential oxygen reduction and adsorption for
carbon dioxide purification for flue gas applications, Energy Technol. 7 (2019) 1800917.
[11] A.N. Kuhn, Y. Ma, C. Zhang, Z. Chen, M. Liu, Y. Lu, H. Yang, Selective reduction of
oxygen on non-noble metal copper nanocatalysts, Energy Technol. 8 (2020).
[12] O. Demoulin, M. Navez, P. Ruiz, Investigation of the behaviour of a Pd/gamma-Al 2O3
catalyst during methane combustion reaction using in situ DRIFT spectroscopy, Appl. Catal. A
295 (2005) 59-70.
[13] M. Schmal, M.M.V.M. Souza, V.V. Alegre, M.A.P. da Silva, D.V. Cesar, C.A.C. Perez,
Methane oxidation - effect of support, precursor and pretreatment conditions - in situ reaction
XPS and DRIFT, Catal Today, 118 (2006) 392-401.
[14] P. Gélin, M. Primet, Complete oxidation of methane at low temperature over noble metal
based catalysts: a review, Appl. Catal. B 39 (2002) 1-37.
[15] A. Trinchero, A. Hellman, H. Gronbeck, Methane oxidation over Pd and Pt studied by DFT
and kinetic modeling, Surf. Sci. 616 (2013) 206-213.
[16] A.D. Mayernick, M.J. Janik, Methane oxidation on Pd-Ceria: A DFT study of the
mechanism over PdxCe1-xO2, Pd, and PdO, J. Catal. 278 (2011) 16-25.
[17] J.S. Yoo, J. Schumann, F. Studt, F. Abild-Pedersen, J.K. Nørskov, Theoretical investigation
of methane oxidation on Pd(111) and other metallic surfaces, J. Phys. Chem. C 122 (2018)
16023-16032.
[18] M. Jørgensen, H. Grönbeck, First-principles microkinetic modeling of methane oxidation
over Pd(100) and Pd(111), ACS Catal. 6 (2016) 6730-6738.

79

[19] Y.-H. (Cathy) Chin, C. Buda, M. Neurock, E. Iglesia, Reactivity of chemisorbed oxygen
atoms and their catalytic consequences during CH 4-O2 catalysis on supported Pt clusters, J. Am.
Chem. Soc., 133 (2011) 15958-15978.
[20] S. Jung, N. Reed, G. Yablonsky, P. Biswas, Flame synthesis of Pd-TiO 2 nanocomposite
catalyst for oxygen removal from CO2-rich streams in oxy combustion exhaust, under review
AIChE Journal, (2020).
[21] A. J. Bissette, S. P. Fletcher, Mechanisms of autocatalysis, Angew. Chem. Int. 52 (2013)
12800-12826.
[22] A.E. Masunov, E. Wait, S.S. Vasu, Chemical reaction CO+OH • → CO2+H• autocatalyzed
by carbon dioxide: Quantum chemical study of the potential energy surfaces, J. Phys. Chem. A
120 (2016) 6023-6028.
[23] Y. Yang, C. A. Mims, D. H. Mei, C. H. F. Peden, C. T. Campbell, Mechanistic studies of
methanol synthesis over Cu from CO/CO2/H2/H2O mixtures: The source of C in methanol and
the role of water, J. Catal. 298 (2013) 10-17.
[24] P. Wu, B. Yang, Significance of surface formate coverage on the reaction kinetics of
methanol synthesis from CO2 hydrogenation over Cu, ACS Catal. 7 (2017) 7187-7195.
[25] K.R. Hahn, M. Iannuzzi, A.P. Seitsonen, J. Hutter, Coverage Effect of the CO 2 adsorption
mechanisms on CeO2(111) by first principles analysis, J. Phys. Chem. C, 117 (2013) 1701-1711.
[26] G. Kresse, J. Furthmuller, Efficient iterative schemes for ab initio total-energy calculations
using a plane-wave basis set, Phys Rev B, 54 (1996) 11169-11186.
[27] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made simple,
Phys Rev Lett, 77 (1996) 3865-3868.

80

[28] X. Liu, L. Sun, W. Q. Deng, Theoretical investigation of CO 2 adsorption and dissociation on
low index surfaces of transition metals, J. Phys. Chem. C 122 (2018) 8306-8314.
[29] Z.P. Liu, P. Hu, General rules for predicting where a catalytic reaction should occur on
metal surfaces: A density functional theory study of C-H and C-O bond breaking/making on flat,
stepped, and kinked metal surfaces, J. Am. Chem. Soc. 125 (2003) 1958-1967.
[30] A. Michaelides, Z. P. Liu, C. J. Zhang, A. Alavi, D. A. King, P. Hu, Identification of
general linear relationships between activation energies and enthalpy changes for dissociation
reactions at surfaces, J. Am. Chem. Soc. 125 (2003) 3704-3705.
[31] A. Alavi, P. Hu, T. Deutsch, P.L. Silvestrelli, J. Hutter, CO oxidation on Pt(111): An ab
initio density functional theory study, Phys. Rev. Lett. 80 (1998) 3650-3653.
[32] F. Niu, S. Li, Y. Zong, Q. Yao, Catalytic behavior of flame-made Pd/TiO 2 nanoparticles in
methane oxidation at low temperatures, J. Phys. Chem. C 118 (2014) 19165-19171.
[33] M. Zhang, Y. Wu, M. Dou, Y. Yu, A DFT study of methanol synthesis from CO 2
hydrogenation on the Pd(111) surface, Catal. Lett. 148 (2018) 2935-2944.

81

Chapter 4: Development of
Efficient/economic Cobalt Oxide Catalyst for
O2 Removal

The results of this chapter have been compiled for publication: L-Y. Lin*, S. Jung*, C-Y. Chao,
P. Biswas, CoO catalysts for trace oxygen removal from oxy-coal combustion flue gas: Roles of
oxygen vacancy (VO). To be submitted to Catalysis Science & Technology.
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Abstract
An active and economic cobalt oxide catalyst was synthesized via a furnace aerosol reactor and
its catalytic properties and catalytic activity for O 2 removal were evaluated. Morphology,
crystallinity, and oxygen vacancy in the structure of the catalyst were carefully tuned by
controlling (1) the molar ratio between citric acid and cobalt nitrate during the preparation of
precursor solution and (2) the furnace temperature. Their catalytic influence on O 2 removal was
experimentally examined. Our study contributes three findings. First, the hollow structure and
the more oxygen vacancy in the structure were observed as the molar ratio between citric acid
and cobalt nitrate. This finding could be due to the generation of the more reducing gases via
pyrolysis. Second, no or less hollow structure and the less oxygen vacancy in the structure were
obtained with increasing the furnace temperature, which could be attributed to the reduced
residence time of reactants and particles in the furnace. Third, enhanced O 2 removal was
obtained with the hollow structure and the more oxygen vacancy in the structure. The results
reported in this study emphasize the crucial role of the reduced form of the catalyst, especially
oxygen vacancy in the structure.
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4.1 Introduction
An oxy-coal combustion system has been developed to effectively capture CO 2 in power plants
by achieving the concentrated CO2 stream in its exhaust, which eventually mitigates the CO 2
level in the atmosphere [1]. The concentrated CO2 stream can be used for enhanced oil recovery
(EOR). However, to be used for EOR, the O2 concentration in the gas stream should be reduced
to 100 ppmv to satisfy the standard for EOR [2]. Recent studies have applied a catalytic O 2
removal system with CH4, and have achieved a high O2 removal efficiency by using noble metal
(e.g., Pd and Pt) doped metal oxide catalysts [3, 4]. Even though the noble metal doped metal
oxide catalysts showed the high O2 conversion, they have a limitation to be used in industry due
to their high economic value. Therefore, a new efficient and economic material should be
developed.
To design an efficient catalyst for O2 removal, it is necessary to deeply understand the structural
properties of catalysts and their relations to the catalytic activity. Our previous study revealed a
strong correlation between the fraction of the total surface area of reduced form of Pd (metallic
Pd and PdOx (0<x<1)) and the apparent reaction rate constant. This finding indicates that the
metallic Pd and reduced form of Pd played a crucial role to enhance O 2 removal [5]. Many
studies have also emphasized the role of reduced materials, especially created defects in the
reduced structure [6, 7]. Dhumal et al. [6] synthesized oxygen deficient titanium suboxide (TiO x,
x<2) nanoparticles via a flame aerosol reactor and obtained an enhanced photocatalytic
degradation of methyl orange solution. Lin et al. [7] synthesized reduced form of zinc oxides via
a furnace aerosol reactor and emphasized the role of oxygen vacancy defects for improving CO 2
photoreduction. Therefore, reduced form or defects in the structure of catalysts could be
preferred for an effective O2 removal.
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Various catalysts including metal oxides have been extensively synthesized via an aerosol route
and evaluated for different applications [5, 7-11]. Compared to wet synthesis methods such as
wet impregnation and sol-gel, aerosol synthesis route is a continuous one-step process which can
be scaled up for high productivity of nanoparticles. Recently, reduced materials including
crumpled graphene oxides and zinc oxides were synthesized via a furnace aerosol reactor which
is one of aerosol reactors [7, 11] and improved photoreduction of CO 2 was achieved. These
recent findings could imply a promising application of the furnace aerosol reactor to synthesize
an efficient/economic catalyst for O2 removal.
In this study, an effective/economic cobalt oxide catalyst was synthesized by using a furnace
aerosol reactor and its catalytic activity for O 2 removal was evaluated. Morphology, crystallinity,
and oxygen vacancy defects in the structure were controlled by changing the molar ratio between
citric acid and cobalt nitrate during the preparation of precursor solution. Correlations between
the catalytic properties and the catalytic activity were investigated and the role of oxygen
vacancy defects in the structure was emphasized to enhance the O 2 removal efficiency.

4.2 Experimental Section
The synthesis method and characterization are described first, followed by experimental
procedure.

4.2.1 Synthesis of Cobalt Oxide Catalyst and Its Characterization
Cobalt oxide catalysts were synthesized by using a furnace aerosol reactor (FuAR) which is
shown in Figure 4.1. Cobalt nitrate (Co(NO3)2·6H2O, Sigma-Aldrich) and citric acid (C6H8O7,
Sigma-Aldrich) were dissolved in DI water to prepare a precursor solution. The mixed precursor
was stirred for 1 hr before it was used. After then, the precursor solution was nebulized by using
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a Collison nebulizer to generate the droplets. The generated droplets were introduced to the
furnace aerosol reactor by N2 gas with 25 psi. The furnace was thermostatically controlled at a
certain temperature. The synthesized particles were collected at the end of the reactor using an
isopore membrane filter. In this study, three different molar ratios between citric acid and cobalt
nitrate were used and they are hereafter denoted as Ratio 1.0 (citric acid/cobalt nitrate=1.0),
Ratio 1.5 (citric acid/cobalt nitrate=1.5), and Ratio 2.5 (citric acid/cobalt nitrate=2.5),
respectively. In this case, the furnace temperature was fixed at 550 °C. Also, three different
furnace temperatures (550 °C, 600 °C, and 650 °C) were applied and the molar ratio between
citric acid and cobalt nitrate was fixed at 2.5.

Figure 4.1. Synthesizing setup for cobalt oxide catalysts.

The synthesized cobalt oxide catalysts were characterized by using various analytical tools: The
crystallinity of them was determined by X-ray diffraction (XRD, Bruker d8 Advance, Bruker)
with CuKα radiation (λ = 1.5418 Å) and a step size of 0.02°. The morphology, size, and
elemental distribution of Co, C, and O of the synthesized catalysts were evaluated by scanning
transmission electron microscopy (STEM) (TEM, JEOL 2100F, Jeol) coupled with energy
disperse X-ray spectroscopy (EDX). The surface chemical properties of the synthesized catalysts
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were evaluated by X-ray photoelectron spectroscopy (XPS, Versa probe ii, Physical Electronics).
XRD and XPS analyses were conducted in triplicate and many spots were investigated during
STEM analysis for representative data.

4.2.2 Experimental Procedure
Experimental setup and procedure are described in detail in Chapter 2, 2.2.3 Experimental Setup
and Procedure. Briefly, 30 mg of catalyst was mixed with 0.4 g of inert material (sand, SigmaAldrich) (total volume = 0.25 mL) and then, the mixed material was put into a fixed bed reactor
(the schematic is shown in Chapter 2, 2.2.3 Experimental Setup and Procedure). The experiments
were performed under stoichiometric gas composition (O2/CH4=2) with excessive CO2, as the
balance of the gas, and the space velocity was fixed at 6,000 hr -1. Temperature in the reactor was
controlled from the room temperature to 500 °C. The gas compositions during the experiments
were measured by gas chromatography (GC, 7890B, Agilent Technologies, Inc.) equipped with a
porous layer open tubular (PLOT) capillary column and a thermal conductivity detector (TCD).
Helium was used as a carrier gas.

4.3 Results and Discussion
4.3.1 Furnace Synthesis of Cobalt Oxide catalysts and Their Characterization
Materials are generally synthesized via the spray pyrolysis inside the FuAR. Detailed study on
controlling parameters for particles’ structures was reported by Che et al. [12].During the spray
pyrolysis, the precursor solution is divided into small droplets before they enter the FuAR and
thereby, the sequential reactions inside the FuAR are limited within micrometer sized droplets or
particles. Controlling the reactions, mass transfer, and sintering within droplets and particles can
cause various particle structures. There are two major stages during the spray pyrolysis, which
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are the drying and intraparticle phase separation. In the drying stage, the droplets are dried to
form vapors after they enter the FuAR. Depending on the supersaturation, evaporation rate, etc.,
different particle structures including a hollow and dense structures are expected. After the
drying stage, the intraparticle phase separation occurs. In this stage, mass transfer and surface
reactions happened, which determines the final structure of the synthesized particle [12]. In this
study, the addition of citric acid changes the mass transfer and surface reactions in the second
stage. Specific description is followed: Cobalt oxide catalysts inside the furnace aerosol reactor
were synthesized through several steps, which are illustrated in Figure 4.1. Cobalt oxide catalyst
is generally formed via “droplet-to-particle” mechanism [7, 13]. Small aerosol droplets
containing citric acid and cobalt oxide precursor were created by the Collison nebulizer, and
introduced into the furnace aerosol reactor by nitrogen carrier gas. Under high temperature inside
the furnace aerosol reactor, droplets were completely dried to form precipitates of citric acid and
cobalt oxide. Additionally, large amount of reducing gases such as CH 4, CO, and H2 via
pyrolysis of citric acid was generated, which can result in the reduction of particles. These
reducing gases can also create “blowing force” outward of the particle, and thereby hollow
structure can be formed [7]. Amount of reducing gases and the extent of the blowing force might
be determined by introducing precursor solution (molar ratio between citric acid and cobalt
nitrate) and the residence time inside the furnace aerosol reactor. In this study, three different
molar ratios between citric acid and cobalt nitrate and three different furnace temperature were
applied and the produced cobalt oxide catalysts were characterized by various analytical tools, as
described below.

88

Crystallinities of the catalysts (XRD)
The crystallinity of the synthesized cobalt oxide catalysts was investigated by XRD and the XRD
spectra of them is shown in Figure 4.2 in the 2ɵ range of 20° to 60°. Three samples were
evaluated: Ratio 1.0, Ratio 2.5 to investigate the effect of the molar ratio between citric acid and
cobalt nitrate, T = 650 °C to investigate the effect of the furnace temperature. As can be seen in
Figure 4.2, all catalysts showed same peaks: Two distinct peaks of (111) and (200) crystal planes
of CoO were observed at 2ɵ angles of 36.5° and 42.4°, respectively, which matches with the bulk
XRD pattern of CoO (JCPDS #78-0431). Another two distinct peaks at 2ɵ angles of 44.3° and
51.7° corresponding to the (111) and (200) crystal planes of Co (JCDPS, #15-0806) were
observed. Based on this information, all cobalt oxide catalysts seem to have both crystal
structures of CoO and Co. However, the intensities of peaks were varied depending on the
synthesizing condition. As the molar ratio between citric acid and cobalt oxide precursor was
increased (Ratio 1.0 to Ratio 2.5), the peak intensities of both structures were decreased (Figure
4.2a). As mentioned above, large amount of reducing gases are generated via pyrolysis in the
furnace aerosol reactor during the particle synthesis, which can result in the reduction of CoO to
CoO1-x [7]. With increasing the molar ratio between citric acid and cobalt oxide precursor (more
citric acid in the precursor solution), more reducing gases can be generated, and thereby more
CoO can be reduced to CoO1-x. Therefore, the peak intensities of CoO were decreased as the
molar ratio between citric acid and cobalt oxide precursor. Also, due to the reduction process, the
particle can have more amorphous structure, which can be supported by the finding that the peak
intensities were lower.
The peak intensities of Co and CoO were also changed with different furnace temperatures
(Figure 4.2b). With higher furnace temperature, the peak intensities of both CoO and Co
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increased. As the furnace temperature is increased, the residence time of reactants and materials
inside the furnace is decreased. As a result, there is less time for pyrolysis, which results less
reduction of CoO. Also, the peak intensities of Co increased more compared to those of CoO
(Figure 4.2b). Previous study by Itoh et al. [14] reported phase transition by changing the furnace
temperature. Our finding can be also explained by phase transition from CoO to Co.
Summing up, more crystalline structures of CoO and Co were obtained with the lower molar
ratio between citric acid and cobalt oxide precursor and with higher furnace temperature. The
crystallinity of Co was especially enhanced much more under high furnace temperature via phase
transition.

Figure 4.2. XRD spectra of cobalt oxide catalysts: (a) catalysts synthesized with different ratios between citric acid
and cobalt nitrate and (b) catalysts synthesized under different furnace temperatures.

Investigating morphology and size of cobalt oxide catalysts (STEM)
The morphology and size of the synthesized cobalt oxide catalysts were evaluated by STEM
(Figure 4.3). Like the XRD analysis, three samples were evaluated: Ratio 1.0, Ratio 2.5 to
investigate the effect of the molar ratio between citric acid and cobalt nitrate, T = 650 °C to
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investigate the effect of the furnace temperature. In each case, more than 250 particles were
counted to make the particle size distributions of the cobalt oxide particles, and the results are
shown in the right column of Figure 4.3. As can be seen in Figure 4.3, the sizes of most particles
with the lowest molar ratio between the citric acid and cobalt oxide precursor (Ratio 1.0) (Figure
4.3a) were less than 1 μm, and porous structure was generally observed. As the molar ratio
between citric acid and cobalt oxide precursor increased toward 2.5 (Ratio 2.5), different trend
was observed (Figure 4.3b): Larger sized particles (> 1 μm) were observed as well as smaller
particles (< 1 μm). Smaller particles mostly have porous structure, while larger particles have
hollow structure. As described above, when reducing gases are created, there is a “blowing
force” outward of particles [7]. With higher molar ratio between citric acid and cobalt oxide
precursor, more reducing gases are generated, and thereby stronger “blowing force” can be
expected. This can lead to the formation of the hollow structure.
On the other hand, the furnace temperature also affected the morphology and size of the
synthesized cobalt oxide catalysts (Figure 4.3c). In the case of higher furnace temperature, sizes
of particles were less than 1 μm and porous structured particles were mostly observed. As
mentioned in the above paragraph related to XRD results, higher furnace temperature reduces the
residence time of gases and materials, which could result in the smaller sized particles. Also,
phase transition from CoO to Co was observed with higher furnace temperature, which might
result in the generation of smaller particles as well.
Summing up, higher molar ratio between citric acid and cobalt nitrate and lower furnace
temperature result in the larger sized and hollow structured particles.
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Figure 4.3. STEM images and size distributions of cobalt oxide catalysts which were synthesized with the molar
ratio between citric acid and cobalt nitrate of (a) 1.0 and (b) 2.5, and with the furnace temperature of (c) 650 °C.

Distinguishing chemical states of components in cobalt oxide catalysts (XPS)
Elemental properties of the synthesized cobalt oxide catalysts were evaluated by using XPS, and
the results are shown in Figure 4.4, Figure 4.5, and Table 4.1. Like other analyses, three samples
were evaluated: Ratio 1.0, Ratio 2.5 to investigate the effect of the molar ratio between citric
acid and cobalt nitrate, T = 650 °C to investigate the effect of the furnace temperature. All
samples showed similar shapes of peaks of Co and C, and thereby XPS spectra of Co 2p and C
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1s of cobalt oxide catalyst with the molar ratio between citric acid and cobalt nitrate of 2.5 were
only presented here in Figure 4.4a,b. As can be seen in Figure 4.4a, the Co 2p spectrum in cobalt
oxide catalyst was deconvoluted into three peaks at approximately 775.5 eV, 780.9 eV, and
786.2 eV, which are denoted as metallic Co, CoO, and CoO satellite, respectively [15, 16]. These
peaks indicate the presence of metallic Co and CoO on the surface of the synthesized cobalt
oxide catalyst. The C 1s spectrum in cobalt oxide catalyst was also deconvoluted into three peaks
at around 284.6 eV, 285.8 eV, and 288.3 eV, which represent the binding energies of the C-C,
the C-O, and the C=O, respectively [15].
On the other hand, all samples showed different trends in O 1s XPS spectra (Figure 4.5 and
Table 4.1). As can be seen in Figure 4.5a, there are three distinct peaks, at approximately 529.4
eV, 531.3 eV, and 532.3 eV, which can be assigned respectively to (1) lattice oxygens in a fullycoordinated environment with metal ions (Olattice) , (2) oxygen deficient regions of the material
(Odeficient region), and (3) adsorbed oxygen species (Oadsorbed), such as O2, H2O, or M(metal)-OH on
the surface [17]. As the molar ratio between citric acid and cobalt nitrate increased from 1.0 to
2.5 (Ratio 1.0 and Ratio 2.5 in Figure 4.5), a decreasing amount of O lattice (from 67.3% to 51.6%)
and increasing amounts of Odeficient region (from 24.6% to 41.3%). The peak intensity of Oadsorbed
was similar. This result indicates that the number of oxygen vacancy defects increases with
increasing the molar ratio between citric acid and cobalt nitrate.
A distinct effect of the furnace temperature on the intensity of O 1s XPS spectra was also
observed (Figure 4.5c and Table 4.1). In the case of higher furnace temperature of 650 ºC (Figure
4.5c), the increased peak intensity of Olattice (59.8%) was observed compared to that with lower
furnace temperature of 550 °C (Figure 4.5b). On the other hand, the peak intensity of O deficient
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region

was reduced (30.4%). This result shows that the number of oxygen vacancy defects was

decreased as furnace temperature was increased.
Summing up, higher molar ratio between citric acid and cobalt nitrate and lower furnace
temperature created more oxygen vacancy defects in cobalt oxide catalyst.

Figure 4.4. (a) Co 2p and (b) C 1s XPS spectra of cobalt oxide catalyst which was synthesized by using the molar
ration between citric acid and cobalt nitrate of 2.5 and the furnace temperature of 550 °C.

Table 4.1. Fractions of Olattice, Odeficient region, and Oadsorbed as determined from XPS analysis.

Olattice (%)

Odeficient region (%)

Oadsorbed (%)

Ratio 1.0

67.3

24.6

8.1

Ratio 2.5

51.6

41.3

7.2

T = 650 °C

59.8

30.4

9.9

94

Figure 4.5. O 1s XPS spectra of cobalt oxide catalysts which were synthesized with the molar ratio between citric
acid and cobalt nitrate of (a) 1.0 and (b) 2.5, and with the furnace temperature of (c) 650 °C: O lattice (pink, 529.9 eV),
Odeficient region (gold, 531.3 eV), Oadsorbed (cyan, 532.2 eV).
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4.3.2 Catalytic Activity of the Synthesized Cobalt Oxide Catalysts in O2
removal
The synthesized cobalt oxide catalysts were evaluated for O 2 removal. Experiments were
performed under the stoichiometric initial gas composition (O2/CH4=2, 3% of O2 and 1.5% of
CH4) with temperatures ranging from room temperature to 500 °C. CO 2 was used as the balance
of the gas. The conversions of O2 and CH4 were calculated by:
(4.1)

where

and

represent the initial and final concentrations of gas, respectively. In this study, the

effect of catalytic structural properties on O2 removal was investigated. The catalytic structural
properties were controlled during the synthesizing process by changing parameters (i.e. the molar
ratio between citric acid and cobalt nitrate and the furnace temperature) and were evaluated in the
above sections. In the following paragraphs, the evaluation of the synthesized cobalt oxide
catalysts for O2 removal is illustrated and the correlation between the structural properties of the
synthesized cobalt oxide catalysts and the reaction is also exhibited.
Effect of the molar ratio between citric acid and cobalt nitrate on O2 removal
The effect of the molar ratio between citric acid and cobalt nitrate on O 2 removal was
investigated and the results are shown in Figure 4.6. Figure 6 shows an enhanced O 2 and CH4
conversions as the molar ratio between citric acid and cobalt nitrate: O 2 conversion was
increased from 78.9% to 93.3% at 500 °C as the molar ratio between citric acid and cobalt nitrate
(Ratio 1.0 to Ratio 2.5). CH4 conversion was also increased from 84.8% to 92.3%. This result
implies the positive effect of the higher molar ratio between citric acid and cobalt nitrate.
According to the earlier sections about the structural properties of the synthesized cobalt oxide
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catalysts, as the molar ratio between citric acid and cobalt nitrate was increased, the catalyst was
reduced more, generated more oxygen vacancy defects in the structure, and was form hollow
structure. In Chapter 2, metallic Pd was found to play a major role in O 2 removal, which implies
that the reduced form of material is more favorable for the reaction. The obtained results here are
matched with this earlier finding. Therefore, it could be concluded that the reduced form
containing lots of oxygen vacancy defects in cobalt oxide catalyst via the higher molar ratio
between citric acid and cobalt nitrate is more favorable for the enhanced O 2 removal. It should be
also noted that there was only complete CH 4 oxidation reaction as reported in Chapter 1. Only
CO2 was the obtained final product, while no H2 and CO were observed, which could imply that
both dry reforming of CH4 and partial oxidation of CH4 did not occur. It can be also supported
by the fact that the reaction rate of CH4 was similar to half the reaction rate of O2 (
Under the complete oxidation of CH4, those reactions rates should be close (see Chapter 2).

Figure 4.6. (a) O2 and (b) CH4 conversion vs. temperature with different cobalt oxide catalysts which were
synthesized with different ratios between citric acid and cobalt nitrate.
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).

Effect of the furnace temperature on O2 removal
The effect of the furnace temperature on O2 removal was studied and the results are shown in
Figure 4.7. As can be seen in Figure 4.7, both conversions of O 2 and CH4 were decreased as the
furnace temperature was increased: 93.3% and 92.3% of O 2 and CH4 conversions at 500 °C were
obtained with the catalyst which was synthesized at the furnace temperature of 550 °C (T = 550
°C), while the decreased conversions of O2 and CH4 (49.2% and 46.8%) were observed with the
catalyst which was synthesized at the furnace temperature of 650 °C (T = 650 °C). This result
represents the negative effect of the higher furnace temperature on O 2 removal. It was found that
as the furnace temperature was increased, cobalt oxide catalyst became less reduced, had less
oxygen vacancy defects in it, and smaller sized particles without having hollow structure
(Section 4.3.2). Results shown in the above section (effect of the ratio between citric acid and
cobalt nitrate on O2 removal) exhibited an enhanced O2 conversion with more reduced, more
oxygen vacancy defects, and hollow structures. Therefore, the obtained result here also
emphasizes the role of reduced form, oxygen vacancy defect in the catalyst, and the hollow
structure for the enhanced O2 removal. It should be also noted that there is only complete CH 4
oxidation reaction, which is supported by no observation of CO and H 2 and the close reaction
rate of CH4 and half the reaction rate of O2.
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Figure 4.7. (a) O2 and (b) CH4 conversion vs. temperature with different cobalt oxide catalysts which were
synthesized with different furnace temperatures.

Comparison of the cobalt oxide catalysts via flame aerosol reactor and via furnace aerosol
reactor
To compare the efficiency between catalysts via flame aerosol reactor and via furnace aerosol
reactor, additional experiment with cobalt oxide catalyst via flame aerosol reactor was
performed. Cobalt oxide catalyst was additionally synthesized via flame aerosol reactor: The
same synthesizing system, which was explained in detail in Chapter 2 (2.2.1 Synthesis of PdTiO2 Catalysts using a Flame Aerosol Reactor (FLAR)), was used to produce cobalt oxide
catalyst. Only one different part was the precursor: Different from Chapter 2, precursor solution
was prepared by dissolving cobalt nitrate (Co(NO 3)2·6H2O, Sigma-Aldrich) in DI water and then
one Collison nebulizer was used to introduce the prepared precursor to the flame aerosol reactor.
Before comparing the cobalt oxide catalyst via flame aerosol reactor to that via furnace aerosol
reactor, it was optimized by controlling the synthesizing conditions such as precursor solution
concentrations and the ration between oxidant and fuel.
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First, various concentrations of precursor solution (0.01 M – 0.35 M) were used to synthesize
different cobalt oxide catalysts, and their catalytic activities for O 2 removal were shown in
Figure 4.8. The experimental results shown in Figure 8 reveal different O 2 and CH4 conversions
depending on the concentration of precursor solution: As the precursor solution concentration
increased from 0.01 M to 0.025 M, both O2 and CH4 conversions were increased from 61% and
65% to 75% and 81% at 500 °C, respectively. However, both O 2 and CH4 conversions were
decreased to 45% and 57% as the precursor solution concentration further increased to 0.35 M
(Figure 4.8). Previously, we found that the size and oxidation state of metal depend on the
precursor solution concentration (Chapter 2): With the same residence time in the flame, the size
and oxidation state of Pd in Pd-TiO2 catalysts were controlled by varying the Pd precursor
solution concentration. The total surface area of Pd species could be calculated and the total
surface area of metallic Pd showed strong correlation with O 2 conversion. Different
concentrations of cobalt precursor solution might also result in different size and oxidation state
of Co in the cobalt oxide catalysts and thereby, different O 2 conversion could be obtained.

Figure 4.8. (a) O2 and (b) CH4 conversion vs. temperature with different cobalt oxide catalysts which were
synthesized via flame aerosol reactor with different precursor concentrations.
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Second, different ratios between fuel (CH4) and oxidant (O2) (O2/CH4=3.4, 4.7, and 7.1) were
applied to synthesize different cobalt oxide catalysts, and their catalytic activities for O 2 removal
were shown in Figure 4.9. As can be seen in Figure 4.9, different ratios between oxidant and fuel
affected the catalytic activity for O2 removal. Both O2 and CH4 conversions were increased from
63% and 68% to 75% and 81% at 500 °C as the ratio between oxidant and fuel increased from
3.4 to 7.1. Previous study synthesized defective TiO x photocatalyst by controlling the ratio
between oxidant and fuel. The authors reported that the higher flame temperature was created
with the higher ratio between oxidant and fuel, which was preferable for synthesizing defective
TiO2 particles [6]. The defective structure in the catalyst can be better to enhance the O 2 removal
by providing more active sites. Our results here with cobalt oxide catalysts both via flame
aerosol reactor and via furnace aerosol reactor support this assumption. Based on these results,
the optimal conditions (precursor solution concentration: 0.025 M and O 2/CH4=7.1) were
determined for the enhanced O2 removal and chosen to be further compared with the results with
cobalt oxide catalyst which was synthesized via furnace aerosol reactor.

Figure 4.9. (a) O2 and (b) CH4 conversion vs. temperature with different cobalt oxide catalysts which were
synthesized via flame aerosol reactor with different ratios between fuel and oxygen.
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The catalytic O2 conversions of the chosen two cobalt oxide catalysts via flame aerosol reactor
and via furnace aerosol reactor were compared in Figure 4.10. As depicted in Figure 4.10, O 2
conversion with the catalyst via furnace aerosol reactor was higher than that with the catalyst via
flame aerosol reactor at any temperature. This different efficiency between the catalysts could be
attributed to the different catalytic structures of them. As demonstrated above, the reduced and
deficient structure in the catalyst is favorable to enhance the O 2 removal efficiency. Even though
the catalyst via flame aerosol reactor could have some extent of deficient structure in it, it cannot
have much due to the unavoidable oxidation reaction in the flame. On the other hand, inside the
furnace aerosol reactor, inert gas (N2) was used as the carrier gas and lots of reducing gases were
created via pyrolysis, which reduce the particle to form deficient structure in it. As a result, the
enhanced O2 conversion can be obtained with the cobalt oxide catalyst via furnace aerosol
reactor (Figure 4.10).

Figure 4.10. O2 conversion vs. temperature with cobalt oxide catalysts which were synthesized via flame aerosol
reactor and via furnace aerosol reactor.

The catalytic efficiencies of the developed catalysts in this thesis (Pd-TiO 2 and cobalt oxide
catalysts) were also compared with those of recently reported catalysts [3, 4] (Table 4.2). Table
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4.2 shows the O2 conversion rates of cobalt oxide catalysts which were synthesized by FLAR
and FuAR were higher than that of Pd-TiO2 which was synthesized by FLAR, which indicates
the better catalytic performance of cobalt oxide catalyst synthesized via FuAR. The highest
conversion rate of O2 in this thesis (56.41 mmol O2/gcat/hr) was further compared with those of
recently reported noble metal doped catalysts (Pt-zeolite and Pd-Al 2O3) [3, 4] (Table 4.2).
According to Table 4.2, it can be found that the obtained O 2 conversion rate of cobalt oxide
catalyst is competitive.
Table 4.2. O2 conversion rates of various catalysts.

Catalyst

O2 conversion (%)a

Catalyst loading
(mg)

O2 conversion rate
(mmol O2/gcat/hr)

Ref.

93b

10

21.01

This thesis

75

30

45.47

This thesis

93

30

56.41

This thesis

100
97

500
100

72.72
35.28

[3]
[4]

Pd-TiO2 via
FLAR
Cobalt oxide via
FLAR
Cobalt oxide via
FuAR
Pt-zeolite
Pd-Al2O3

a. O2 conversion at 775 K.
b. The experiment was performed under O2 rich condition (O2/CH4 ~ 2.3), while others were
performed under stoichiometric condition (O2/CH4 ~ 2).

4.4 Conclusions
An efficient and economic cobalt oxide catalyst was developed by using a furnace aerosol
reactor and its catalytic activity for O2 removal was evaluated. Morphology, crystallinity, and
oxygen vacancy defects in the catalyst’s structure were changed by controlling the synthesizing
conditions, i.e. precursor solution preparation (molar ratio between citric acid and cobalt nitrate)
and furnace temperature. Our study contributes three major findings: (1) As the molar ratio
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between citric acid and cobalt nitrate was increased, the more amorphous crystallinity, the
hollow structure, and the more oxygen vacancy defects in the structure were observed, which
could be due to the generation of more reducing gases via pyrolysis (2) As the furnace
temperature was increased, the more crystalline, the porous structure, and the less oxygen
vacancy defects in the structure were observed, which might be attributed to the shorter
residence time in the furnace. (3) The more amorphous, the hollow, and the more oxygen
vacancy defects in the structure were found to be more favorable to enhance O 2 removal
efficiency. Based on our results, it could be concluded that the synthesized reduced cobalt oxide
catalyst can be an appropriate catalytic material for O2 removal. The developed cobalt oxide
catalyst can be used for active and economic catalytic reduction of O 2 in the flue gas from oxycombustion system.
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Chapter 5: Enhanced VOCs removal by a
hybrid photocatalyst-integrated
photoionization enhanced plasma corona
system

The results of this chapter have been published: S. Jung, J. Fang, T. Chadha, P. Biswas,
Atmospheric pressure plasma corona enhanced by photoionizer for degradation of VOCs. J.
Phys. D: Appl. Phys. 2018, 51, 445206.
Supplementary figures and tables are available in Appendix 3.
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Abstract
A hybrid titanium dioxide (TiO2)-integrated photoionization enhanced atmospheric pressure
plasma corona system was developed for effective toluene removal. The individual and synergistic
effects of a corona discharge, a photoionizer irradiation with a soft X-ray source, and a TiO 2
photocatalyst on toluene removal were investigated by performing various experiments. Voltagecurrent characteristics revealed a lower corona inception voltage and a higher current at the same
voltage caused by combining the corona discharge, the photoionizer irradiation, and the TiO 2
photocatalyst. The toluene removal efficiency was significantly enhanced by combining the
corona discharge, the photoionizer irradiation, and the TiO2 photocatalyst: (corona discharge +
photoionizer irradiation + TiO2: ~86.0%) > (corona discharge + TiO2: ~70.8%) > (corona
discharge + photoionizer irradiation: ~51.1%) > (corona discharge: ~43.8%). The toluene removal
efficiency increased with an increase in the photoionizer energy. These trends were mainly due to
the degree of ion generation in the system. Corona discharge generates ions inside the system, and
ion concentration increases as the applied voltage is increased. The photoionizer creates positive
and negative ions, which lowers the corona inception voltage and enhances the current. The TiO 2
film also enhances ion production under corona discharge, and is activated by photoionizer
irradiation to create additional electron-hole pairs. In addition, the rougher surface induced by the
morphology change in TiO2 under corona discharge has a positive effect on toluene removal.
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5.1 Introduction
One serious class of indoor air pollutants are volatile organic compounds (VOCs) and they have
been associated with long-term health risks such as asthma, allergies, and building-related
symptoms (BRS) [1-3]. Various techniques, such as adsorption, bio-filtration, and membrane
separation, have been developed and applied to control indoor VOCs levels [1, 4, 5]. However,
these technologies have operational difficulties and require frequent maintenance [1, 4]. VOCs
are transferred to a different phase rather than being decomposed to benign constituents. Further,
the biofiltration and membrane separation units have issues with fouling [1, 4]. Therefore, an
alternative technique which can overcome the above drawbacks is needed.
Photocatalytic oxidation technology has been demonstrated as a potential remediation method
because it can completely decompose VOCs into CO 2 and H2O under ambient conditions [4].
Among the enormous number of photocatalysts available, titanium oxide (TiO 2) has been widely
used to reduce indoor VOCs with high removal efficiency while being relatively nontoxic and
inexpensive [4-6]. However, TiO2 has a slow reaction rate at low VOC concentrations [7]. This
problem can be potentially solved by introducing a non-thermal plasma (e.g. a corona discharge)
[7-9]. Thévenet et al. are the first ones to have observed a synergistic effect when combining
non-thermal plasma and photocatalysis, and several studies have further explored this
methodology [7-10].
The electrostatic precipitator (ESP), one of non-thermal plasma reactors, uses a direct corona
discharge and is well-known for removing particles at an industrial scale. Its advantages include
low operating cost and high collection efficiency of particles [11]. As mentioned above, this
technique can be combined with photocatalysis to remove indoor VOCs. The combined
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technique can achieve high removal efficiency and energy-saving effect as well as short reaction
time. Fava and Pierpaoli reported a high removal efficiency (>90% in 60 min) of VOCs by using
the TiO2 photocatalytic-ESP with UV light [12]. Xu et al. obtained around 52% of toluene
removal with low energy density (53 J/L) by using Co-MCM-41 and a dielectric barrier
discharge reactor [8]. These studies clearly show the ability of a hybrid photocatalytic-plasma
reactor for effective VOCs removal with short reaction time and low energy consumption.
Most photocatalytic systems use UV lamps to activate catalysts, which makes the system
economically inefficient [6]. One promising alternative to UV lamps for catalyst excitation is
photoionizer that is a source for soft X-ray (SXR) irradiation. SXR has more intensity than UV
lamps but less intensity than X-ray, and therefore can be utilized safely and can be easily
controlled by turning them on and off [13, 14]. SXR generates gaseous ions, which have been
widely studied for charging aerosol particles and oxidizing environmental pollutants [11, 13-15].
Namiki et al. were the first to introduce SXR into the V/TiO 2-ESP system to remove VOCs; they
obtained approximately 70% removal efficiency of toluene with high reaction rate (8.07×10 -2
µmol/h•cm2), which was much faster than conventional UV lamp systems [6]. While they
demonstrated successful operation, mechanistic details of the process were not described in their
work.
An effective hybrid photocatalyst (TiO2)-integrated ESP with photoionizer irradiation was
studied in this work. Both individual and synergistic effects of the photocatalyst, corona
discharge, and photoionizer irradiation on toluene removal were investigated by using various
experimental conditions: with and without a corona discharge generated in an ESP, with and
without a photoionizer irradiation, with and without a photocatalyst, various applied voltages,
and different photoionizer energies.
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5.2 Experimental Section
The synthesis method and characterization are described first, followed by experimental setup and
procedure.

5.2.1 Synthesis of TiO2 film and its characterization
The TiO2 film was prepared using the modified sol-gel method, which was originally reported by
Chen et al [16]. Briefly, a 0.5 M solution of titanium(IV) isopropoxide (TTIP, C 12H28O4Ti, 97%,
Sigma Aldrich) in isopropyl alcohol (i-PrOH, C3H8O, Sigma Aldrich) was prepared.
Diethanolamine (DEA, C 4H11NO2, Sigma Aldrich) was added to the prepared solution to obtain a
specific DEA/TTIP molar ratio of 4. The prepared solution was stirred at room temperature for 2
h. Deionized water (DI water, 18 MΩ·cm) was introduced to the solution to yield a H 2O/TTIP
molar ratio of 2 to achieve a clear sol. Subsequently, TiO2 powder (AEROXIDE®, 25 g/L) was
slowly added into the sol and vigorously stirred for approximately 12 h to avoid unwanted
agglomerates. Then, a stainless steel substrate was immersed in the sol and pulled up at a constant
speed of 4.8 cm/min. The stainless steel substrate was cleaned with i-PrOH and dried before it was
coated. The coated stainless steel substrate was dried at room temperature for approximately 48 h
and calcinated at 450 °C for 2 h. The film was finally obtained by cooling it to room temperature.
The crystallinity of the film was determined by X-ray diffraction (XRD, Bruker d8 Advance,
Bruker) using CuKα radiation (λ = 1.5418 Å) and a step size of 0.02°. The morphology and
thickness of the film was evaluated by field emission scanning electron microscopy (FE-SEM,
JEOL 7001LVF FE-SEM, JEOL Ltd.). Elemental mapping of the film was evaluated by energy
disperse X-ray spectroscopy (EDX). The roughness of the film was determined by atomic force
microscopy (AFM, Veeco Di 3100, Veeco Digital Instruments).
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5.2.2 Experimental setup and procedure
Figure 5.1a shows a schematic diagram of the experimental setup. It consists of a toluene vapor
generation system, an aluminum parallel plate ESP system, and a sampling system. Toluene
vapor was generated by introducing a controlled mass flow rate of air into a bubbler (0.025
LPM). The bubbler was maintained at room temperature. Additional dilution air was added
downstream of the bubbler to obtain a specific toluene concentration (100 LPM) (approximately
11 ppmv). Toluene was then introduced into the ESP reactor (1.5 LPM) for degradation. Details
of ESP reactor are shown in Figure 5.1b. The reactor was 30 cm in length, 1.8 cm in width, and
9.4 cm in depth and consisted of 1) 2 stainless steel collecting electrodes with 9.4 cm in length
and 12 cm in width, 2) 8 stainless steel discharge electrodes with 2.78 mm in diameter, and 3)
PTFE bars for the insulation. Both uncoated and TiO2 coated stainless steel collecting electrodes
were used for comparison. After the toluene gas entered the reactor, a DC voltage (0-7.65 kV)
and photoionizer irradiation with SXR source (3.33-9.80 keV, λ = 0.13-0.37 nm) were applied
using a high voltage DC power supply (Model 205B – 20R, Bertan Associate, Inc.) and
photoionizer power supply (Hamamatsu Photonic Ltd.). The effects of the corona discharge in
the ESP system, the photoionizer irradiation, and the TiO 2 film on the ion generation were
investigated in two ways: 1) The total ion production within the ESP system was calculated
based on voltage-current characteristics. 2) The ion concentration at the low applied voltage or
without the applied voltage was measured at the exit of ESP unit by using an ion counter (Figure
5.1a) (Air ion counter model AIC2, AlphaLab Inc.) to investigate the effect of the photoionizer
on both positive and negative ion production. A gas chromatography-mass spectrometry (GCMS, 5973 MSD with a 6890 GC, Agilent) with a DB-624 column (Agilent) was used to measure
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the inlet and outlet concentration of toluene. Ozone concentration was monitored by using ozone
monitor (2B Technologies).
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Figure 5.1. (a) Schematic diagram of the experimental system for toluene degradation and (b) details of an
aluminum parallel plate ESP.

Table 5.1. Experimental plan.

Set
#

Description

I

Voltage-current
characteristics and ion
production

II

Toluene removal by
corona discharge,
photoionizer irradiation,
and TiO2 film

Voltage
(kV)

Soft X-ray
(keV)

TiO2
film

0-9

on (3.336.72)/off

with
/without

0-7.65

on(9.80keV)/
off

with
/without
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Objective
Investigate the inception
voltage and ion generation
due to corona discharge,
photoionizer irradiation, and
TiO2 film
Prove the individual and the
synergistic effects of corona
discharge, photoionizer
irradiation, and TiO2 film

III

Toluene removal with
different photoionizer
energy

7.65

0-9.80

with

Investigate the effect of
different photoionizer energy
on toluene removal

Various experiments were performed to investigate both the individual and synergistic effects of
the corona discharge, the photoionizer irradiation, and the TiO 2 film on toluene removal (Table
5.1). Our experimental conditions were as follows: 1) A corona discharge was generated within
an ESP system. (This condition is hereafter denoted discharge.) 2) A corona discharge was
generated within an ESP system and photoionizer irradiation with SXR source was
simultaneously introduced. (This condition is hereafter denoted discharge and SXR.) 3) A corona
discharge was generated within an ESP system and a catalyst was simultaneously introduced.
(This condition is hereafter denoted discharge and TiO 2.) 4) A corona discharge was generated
within an ESP system and both photoionizer irradiation with SXR source and a catalyst were
simultaneously introduced. (This condition is hereafter denoted discharge, SXR, and TiO 2.)
Based on these conditions, the voltage-current characteristics and ion generation with the
conditions under varying DC voltages and under varying SXR energies (set I) was investigated.
Next, toluene removal under conditions of varying DC voltages (set II) was determined. Finally,
the effect of different SXR energies on toluene removal (set III) was established. All experiments
were performed at least three times to ensure repeatability.

5.3 Results and Discussion
5.3.1 Material Characterization
The synthesized TiO2 film was characterized by XRD, SEM, elemental mapping, and AFM for
crystallinity, morphology, thickness, elemental distribution and roughness of the film (Figures
5.2 and 5.3). Figure 5.2a shows the XRD spectra of the TiO 2 film in the 2θ range of 20° to 70°. A
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prominent (101) peak was observed at 2θ angle of 25.3° and low-intensity (004), (200), (105),
and (211) peaks were identified at 2θ angle of 37.8°, 48.1°, 53.9°, and 55.1°, respectively. From
the XRD patterns, it was confirmed that the synthesized TiO 2 film was anatase phase, which
agrees well with JCPDS patterns of anatase (00-021-1272). Anatase phase is preferred for
photocatalytic application due to the bulk transport of excitons to the surface [17].
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Figure 5.2. Characterization of TiO2 film: (a) XRD patterns, where SS indicates the background of stainless steel
substrate, and (b) elemental mapping of TiO2 film, where cyan, pink, and green denote Ti, O, and Fe, respectively.
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Figure 5.3. FE-SEM and AFM images of a) initial TiO2 film, b) the TiO2 film under SXR for 1 h, c) the TiO2 film
under discharge for 1 h, and d) the TiO2 film under SXR and discharge for 1 h.

Surface morphology of the synthesized TiO2 film was evaluated by FE-SEM (Figure 5.3a-1). As
shown in Figure 5.3a-1, the TiO2 film has noticeable agglomerates which were formed from
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coagulation of TiO2 particles in the presence of crystallinities from an alkoxide sol [16]. In
addition, microcracks were observed (Figure 5.3a-1), which is mostly attributed to large internal
stresses [16, 18]. Similar observation was reported in previous study [16]. Compared to previous
researches about TiO2 film [19, 20], we observed much rougher surface of TiO 2 film which can
be attributed to the existence of agglomerates and microcracks (Figure 5.3a-2). The film
thickness was estimated to be approximately 0.8 μm (Figure 5.2b). Moreover, elemental
mapping (Figure 5.2b) verifies that the film was composed of Ti and O, and their elemental ratio
was 67.89% and 32.11% (2.1:1), respectively. These results confirm an initial uniform coating of
anatase TiO2 thin film on the stainless steel substrate.
The change in material properties after 1) discharge, 2) SXR, and 3) discharge and SXR using
XRD (Figure A3.1 in Appendix 3), FE-SEM (Figure 5.3), and AFM (Figure 5.3) was
investigated. To prepare the sample, the initial TiO 2 film was exposed to discharge (7.65 kV of
the applied positive voltage) or/and SXR (9.80 keV of SXR energy) for 1 hr. XRD analysis
revealed no change in the crystallinity of TiO2 film, demonstrating that the film maintained its
anatase phase under all cases (Figure 3.1 in Appendix 3). Figure 5.3b-1 to d-1 show FE-SEM
images of the TiO2 film under SXR, the TiO2 film under discharge, and the TiO2 film under both
discharge and SXR. Figures 5.3a-1 and 5.3b-1 reveal no significant change in morphology of
TiO2 film after the SXR. These results correlate with a previous study that similarly observed no
morphological change in a TiO2 film under the X-ray irradiation with 5 keV of X-ray energy
[21]. A significant change in the morphology of the TiO 2 film was observed after discharge
(Figure 5.3c-1) and after both discharge and SXR (Figure 5.3d-1). Both of these conditions
produced a much rougher surface featuring crater-shaped holes. Since the SXR alone didn’t
affect the morphology of the TiO2 film, these changes are primarily due to discharge. Previous
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studies have demonstrated that active species generated from plasmas can alter the catalyst
surface causing higher catalyst dispersion [22, 23]. For example, Guo et al. reported a catalyst
surface with smaller granularity and a more uniform grain distribution after discharge [23]. A
root-mean-square (RMS) surface roughness was determined by AFM analysis (Figure 5.3a-2 to
5.d-2). As can be seen in Figure 5.3a-2 to 5.d-2, the TiO2 film after SXR didn’t show much
change on RMS surface roughness compared to the initial TiO 2 film, while the TiO2 films after
discharge and after both discharge and SXR showed much higher RMS surface roughness, which
implies that much rougher surface was created after discharge and after both discharge and SXR.
This altered morphology demonstrated by FE-SEM and AFM may induce a higher catalytic
activity due to the rougher surface area.

5.3.2 Voltage-current Characterizations and Ion Production
Figure 5.4a shows voltage-current characteristics with 1) discharge, 2) discharge and SXR, 3)
discharge and TiO2, and 4) discharge, SXR, and TiO2, respectively. The electrical current was
measured at an applied positive voltage ranging from 5 kV to 9 kV, and with a photoionizer
irradiation potential of 9.8 keV to the ESP under the conditions where SXR was used. In all
cases, the electrical current between the electrodes was measured when a certain voltage was
applied, called as a corona inception voltage, revealing a corona discharge [11, 24]. As can be
seen in the inset of Figure 5.4a, shift in the corona inception voltage can be observed. The corona
inception voltage of discharge, SXR, and TiO2 showed the lowest value (~6.2 kV), followed by
that of discharge and TiO2 (~6.3 kV), discharge and SXR (~6.45 kV), and discharge (~6.6 kV),
respectively. After the applied voltage exceeded the corona inception voltage, the electrical
current of all cases was gradually increased as the applied voltage was increased (Figure 5.4a).
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At any applied voltage, the electrical current of discharge, SXR, and TiO 2 was the highest,
followed by that of discharge and TiO2, discharge and SXR, and discharge, respectively.
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Figure 5.4. (a) Voltage-current characteristics and (b) the calculated ion production 1) with discharge, 2) with
discharge and SXR, 3) with discharge and TiO2, and 4) with discharge, SXR, and TiO2 at the positive voltage
ranging from 5 kV to 9 kV.
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In the ESP system, during corona discharge, electron emission from some molecules due to
dielectric breakdown results in increased ion generation. Ions can then further collide with
another neutral gas molecules to form more electrons and positive ions. Therefore, an electron
avalanche can be initiated in regions where an electrical field strength is high enough for the
ionization of electrons [24]. As the applied voltage is increased, the generated positive ions and
electrons are separated more easily and thereby the electrical current is increased [11].
SXR can generate both positive and negative ions via photoionization of gas molecules, which
increases the ion concentration in the ESP system. The larger number of ions changes the
dielectric behavior of air by decreasing its conductivity, which results in the initiation of an
electron avalanche at lower voltage [11]. Further, a higher electrical current results from
combining discharge and SXR due to the bipolar ions by SXR. Our result corresponds as
expected with these findings, showing the lower corona inception voltage and higher electrical
current with discharge and SXR than those with discharge.
A system that combines discharge and TiO2 is expected to influence the voltage-current
characteristics of the system by 1) changing the discharge behavior and 2) creating new active
species [4, 22, 25-31]. First, as mentioned above, when the corona discharge initiates and the
electric field exists, ionized gas molecules are generated and transported to outer electrodes
through air (called multiple plasma channels or streamers) [26, 31]. If dielectric material is inside
the system, bulk streamers in the air change to intense streamers running along the dielectric
material surface [5, 22, 26, 31]. When this happens, ionization near the surface improves because
active ionic species such as O2+ are generated. Thereby a high energy density can be achieved
near the surface [5, 22, 26, 31]. Second, the introduction of a catalyst into the system can create
new active species [4, 5, 27-31]. For instance, a previous study revealed that short-living active
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species were created in the pores of porous materials when they were exposed to non-thermal
plasma [30, 31]. These previous findings can support our result of lower corona inception
voltage and higher electrical current with discharge and TiO 2.
SXR can activate TiO2 by forming an electron-hole pair, which can generate photocurrent [4,
21]. Therefore, even lower corona inception voltage and higher electrical current can be expected
by combining discharge, SXR, and TiO2 and our result is in line with this expectation (Figure
5.4a).
Based on the voltage-current characteristics, ion concentration in ESP system, Ni, was estimated
by [11, 32] (Figure 5.4b):
,
where I, e, Zion, E, and A represent the ion current, the unit electron charge (1.6
electric mobility of the ion (1.4

(5.14)
10-19 C), the

10-4 m2 V-1 s-1 for positive ions [11]), the local electrical field

strength (applied voltage divided by distance wire-collecting plate), and the surface area of
electrodes (1.23

10-2 m2), respectively. Due to the excessive number of positive ions in

unipolar positive corona compared to negative ions [33, 34], the positive ions were only
considered for the calculation. As can be seen in Figure 5.4b, discharge, SXR and TiO 2
generated the largest number of ions at any applied voltage, followed by discharge and TiO 2,
discharge and SXR, and discharge, respectively. It clearly reveals that more ions can be
generated by combining discharge, SXR, and TiO 2.
SXR itself generates a very low electrical current (e.g. pA scale [13, 14]), which can make it
difficult to distinguish the change in the electrical current produced by different SXR conditions
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(e.g. SXR energy) at the low applied voltage or without the applied voltage. Therefore, as
mentioned in the Experimental section above, the specific individual and synergistic effects of
SXR with and without discharge and TiO2 on the ion concentration was investigated, using the
ion counter (maximum detectable ion concentration: 2

1012 #/m3) at the outlet of ESP unit

(Figure 5.5). The positive and negative ion concentrations were measured with or without
discharge at 7 kV of applied voltage and with or without TiO 2 under SXR with different SXR
energy ranging from 3.33 keV to 6.72 keV. There are two interesting things to note. First, in all
cases, the positive and negative ion concentrations were increased as SXR energy was increased,
which demonstrates that 1) SXR can generate bipolar ions and 2) the higher SXR energy can
enhance the bipolar ion concentration. However, the total bipolar ion concentration was lower
than the expected concentration inside the system based on the above calculations (Figure 5.4b),
which might be due to wall loss of ions inside the ESP unit. Furthermore, a slightly lower
negative ion concentration was observed, which might be due to the higher wall loss of negative
ions resulting from the higher mobility of negative ions (1.9

10-4 m2V-1s-1 [11, 13]) than that of

positive ions. Second, all cases show similar negative ion concentration, while different positive
ion concentrations were observed with each case: discharge, SXR, and TiO 2 showed the largest
number of ions at any SXR energy, followed by discharge and SXR, SXR and TiO 2, and SXR,
respectively. As described above, a positive corona can create positive ions [11]. Therefore, a
larger positive ion concentration was observed with discharge and SXR, while the same negative
ion concentration was observed. In addition, because TiO 2 can generate ions under corona
discharge by changing the discharge behavior and by creating new active species as mentioned
above [4, 22, 25-31], discharge, SXR, and TiO2 showed the largest positive ion concentration.
On the other hand, SXR and TiO2, and SXR showed a similar positive ion concentration. Thus,
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TiO2 did not generate more ions under SXR irradiation, which demonstrates that SXR only
activates TiO2 to form electron-hole pairs.
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Figure 5.5. Positive and negative ion concentrations at the exit of ESP unit at the SXR energy ranging from
3.33 keV to 6.72 keV 1) with SXR, 2) with SXR and TiO2, 3) with discharge and SXR, and 4) with discharge, SXR,
and TiO2.

5.3.3 Toluene Removal Tests
In order to study the individual and synergistic effects of discharge, SXR, and TiO 2 on toluene
removal, various experiments were performed at applied voltages ranging from 0 kV to 7.65 kV,
with and without discharge, with and without SXR (9.80 keV), and with and without TiO 2 (set II
in Table 5.1). The removal efficiency of toluene was calculated by:
.

(5.15)

A blank test without discharge, SXR, and TiO 2 was performed to check the effect of absorption
of toluene in the experimental setup (data not shown). The initial toluene concentration (~11
ppmv) was not changed for 5 hr, which implies that the effect of absorption of toluene in the
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experimental setup was negligible. At 0 kV of the applied voltage, we conducted experiments
under only SXR, only TiO2, and both TiO2 and SXR to investigate the individual and synergistic
effect of TiO2 and SXR on toluene removal (Figure A3.2 in Appendix 3). As can be seen in
Figure A3.2, there was negligible removal efficiency of toluene with only SXR, which indicates
that SXR itself cannot remove toluene. On the other hand, approximately 1.9% and 7.9% of
toluene removal efficiencies were observed with TiO 2 and with SXR and TiO2, respectively.
This can be attributed to the adsorption of toluene molecules onto TiO 2 active sites along with
enhanced catalytic activity from the presence of SXR. Under both SXR and TiO 2, toluene goes
through two different paths to be destructed: 1) SXR irradiates TiO 2 to generate electron-hole
pairs:
,

(5.16)

where the generated hole (h+) and the electron (e-) are known as powerful oxidizing and reducing
agents, respectively. Previous studies have reported the catalytic mechanisms of VOCs oxidation
[3, 35, 36]: The generated hole oxides the surface hydroxyl groups or water to form OH radicals
which are the powerful oxidizing agents. They further oxide VOCs. 2) SXR photoionizes toluene
[37, 38]. As described in the previous section, SXR can generate bipolar ions. Because toluene
has a higher proton affinity and less ionization potential than other gas molecules (Table 5.2), it
can be positively charged by ion-molecular reactions [37, 38]. The positively charged toluene
might be further decomposed by other active species or further adsorbed onto the TiO 2 surface.
These two paths can support a higher removal efficiency with both SXR and TiO 2.
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Table 5.2. Proton affinity and ionization potential of gas molecules [34].

Proton affinity (kJ/mol)

Ionization potential (eV)

N2

494.5

15.58

O2

422

12.07

CO2

548

13.77

H 2O

697

12.61

Toluene

794

8.82

Further experiments were conducted 1) with discharge, 2) with discharge and SXR, 3) with
discharge and TiO2, and 4) with discharge, SXR, and TiO2 (Figure 5.6). There are three
interesting things to note. First, in all cases, the toluene removal efficiency increased as the
applied positive voltage increased. Toluene is known to be dissociated by positive ions [31]:

(5.17)
and therefore, when the applied positive voltage increased, more ions were generated (Figure
5.4), creating a more favorable environment for toluene removal.
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Figure 5.6. Removal efficiency of toluene in ESP system 1) with discharge, 2) with discharge and SXR, 3) with
discharge and TiO2, and 4) with discharge, SXR, and TiO2.

Second, when the applied voltage passed the corona inception voltage, toluene removal
efficiency increased significantly. For example, toluene removal efficiency under discharge,
SXR, and TiO2 was enhanced from 7.9% to 30.0% when the applied voltage reached 6.3 kV,
which is slightly higher than the corona inception voltage (~6.2 kV). This is because of a sudden
increase of ion concentration after the applied voltage passed the corona inception voltage
(Figure 5.4).
Third, the toluene removal efficiency of discharge, SXR, and TiO 2 generally showed the highest
value at any applied voltage, followed by that of 1) discharge and TiO 2, 2) discharge and SXR,
and 3) discharge (all at any applied voltage), respectively. As explained in the previous section,
SXR generates bipolar ions (Figure 5.5), and thereby the ESP system has higher ion
concentrations. Furthermore, positively charged toluene due to photoionization by SXR will
migrate to the ground electrode when the applied voltage reaches the corona inception voltage
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and the electric field is generated. Therefore, SXR can enhance toluene removal efficiency under
discharge. In the case of discharge and TiO 2, the improved toluene removal efficiency can be
attributed in part to the larger number of active species (i.e. ion, Figures 5.4b and 5.5). This
increased number of ions is due to the presence of TiO2, which changes the discharge behavior
and creates more ions (Figures 5.4 and 5.5). As we described above, discharge and TiO 2 can
interact with each other, making it possible for ionization to occur near the TiO 2 surface and for
active species to be generated near the TiO2 surface or inside the pore. Figures 5.4b and 5.5
demonstrate this phenomenon, which supports enhanced toluene removal efficiency. The
improved toluene removal efficiency can also be attributed to the modified morphology of TiO 2.
The crater-shaped holes on the TiO2 surface, which are a feature of this morphological change
(Figure 5.3c), generated a rougher surface to adsorb more toluene, thereby increasing the
residence time of toluene in the ESP system. In the case of discharge, SXR, and TiO 2, all
conditions were combined, and therefore the largest number of ions was generated (Figures 5.4b
and 5.5). Moreover, under this condition, positively charged toluene can be easily moved to the
TiO2 surface. The modified morphology of TiO2 (Figure 5.3d) can adsorb more toluene and
thereby increase the residence time of toluene in the ESP system.
We measured the concentration of ozone at the outlet of the ESP system (Figure A3.3 in
Appendix 3). As can be seen in Figure A3.3, the concentration of ozone kept in all cases
increasing as the applied voltage increased. The concentration of ozone under discharge, SXR,
and TiO2 showed the highest value (~160 ppmv) at 7.65 kV of the applied voltage, followed by
that of 1) discharge and TiO2 (~108 ppmv), 2) discharge and SXR (~37 ppmv), and 3) discharge
(~20 ppmv), respectively. There are three possible routes to generate ozone. First, discharge can
produce ozone via the several paths, which are electron impact dissociation of molecules and
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reactions between the dissociated molecules and other gas species [33, 39]. The possible
reactions have been proposed by previous researches [33, 39-41], and they are mainly considered
as:
(5.18)
(5.19)
(5.7)
(5.8)
Linsheng et al. considered active species, such as electron, O 2+, N2+, and O3-, in positive pulsed
dielectric barrier discharge (DBD) in air, and revealed their important role on the ozone
generation [41]. In addition, Chen and Davidson reported that the ozone creation by positive DC
corona discharge is closely related to both O2 and N2 [40]. Second, ozone can be created by
photochemical dissociation of O2 molecules by [3]:
(1D)
(1D)

(3

(3P)

(3

P)

P)

(5.9)
(5.10)

.

(5.11)

Third, catalysts can generate ozone with discharge or with discharge and SXR, where photons
can activate the photocatalyst by Eq. (5.3) and generate electron-hole pairs described above.
Then, the electron can react with O2 molecules to create active O2 species such as O2-, O-, O32-,
O22-, which further go through a discharge-chemical reaction to generate or decompose ozone in
the ESP system [39]. The total concentration of ozone is expressed by the balance of this
generation and decomposition of ozone. A previous study reported increasing ozone
concentration with photocatalyst layers (e.g. TiO 2 and ZnO) in discharge [39], while other
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studies reported decreasing ozone concentration with photocatalysts in discharge [8, 42]. In our
study, the presence of TiO2 causes the higher ion concentration (e.g., active O 2 species) (Figure
5.5), which further go through the discharge-chemical reaction. This reaction might result in an
overall increase in ozone concentration.
On the other hand, ozone can oxidize toluene by the following mechanism [31]:

(5.12)

To clarify a key mechanism, we confirmed interactions of ozone on toluene removal by calculating
the reduction of toluene via Eq. (5.12) by:
,

(5.13)

where t represents the reaction time, which can be obtained by dividing the reactor volume by
the gas flow rate (20.304 s). Based on Eq. (13), the estimated ozone concentration was much
higher than the experimentally observed ozone concentration. For example, to obtain the
experimentally observed toluene removal (~86%) with discharge, SXR, and TiO 2, the ozone
concentration should be 105 times greater than the observed concentration (~160 ppmv).
Therefore, the reaction between ozone and toluene may not be a significant mechanism for
toluene oxidation due to its very low ozone concentration. On the other hand, the observed ion
concentration was much higher than the required amount to convert toluene which supports our
hypothesis that the reaction between ions and toluene is a key mechanism for toluene oxidation
and thus, ion-rich conditions are more favorable for toluene oxidation.
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Degradation products of toluene with discharge, SXR, and TiO 2 were also investigated. A high
toluene concentration (~740 ppmv) was used as an initial concentration for clearer observation of
products, and a synthetic air (80% of N2 + 20% of O2) was used. The initial and final toluene
concentrations were determined by gas chromatography-mass spectrometry (GC-MS, 5973 MSD
with a 6890 GC, Agilent) with a DB-624 column (Agilent). Approximately 110 ppmv of toluene
was removed with discharge, SXR, and TiO2, and no distinct peaks of products were observed
(data not shown). To investigate the other possible products (e.g., CO 2), the composition of
effluent gas stream was measured by gas chromatography (GC, 7890B, Agilent Technologies,
Inc.) equipped with a PLOT capillary column (Supelco Carboxen-1010) and a thermal
conductivity detector (TCD). The result is shown in Figure S4 in Supporting Material. As can be
seen in Figure S4, a huge peak of combined O2 and N2 was observed with all cases due to a large
amount of O2 and N2. There were no distinct peaks of products both with air and with only
toluene. However, a small peak of CO2 was observed with discharge, SXR, and TiO2. The peak
area of CO2 is much smaller than the peak of combined O2 and N2 because of low concentration
of CO2 compared to O2 and N2. However, its integrated area indicates that most of toluene
(>95%) was converted into CO2. Therefore, CO2 can be confirmed as the major final product in
this system.
In order to study the effect of SXR energy mentioned in the Experimental section above (set III
in Table 5.1), we varied SXR energies ranging from 0 to 9.80 keV with discharge and TiO 2
(Figure 5.7). As can be seen in Figure 5.7, as SXR energy was increased, toluene removal
efficiency increased from 70.8% to 86.0%. The electrical current was also increased from 0.86
mA to 0.99 mA (Figure A3.5 in Appendix 3). In the previous section, we proved that more
positive and negative ions were generated as SXR energy was increased (Figure 5.5). Therefore,
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we found that generating more ions enhanced both the electrical current and toluene removal
efficiency.

Removal efficiency (%)

100
90
80
70
60
50

Figure 5.7. Removal efficiency of toluene with different SXR energy with discharge (7.65 kV) and TiO 2.

The mechanism of toluene removal depending on the individual and synergistic effects of
discharge, SXR, and TiO2 is summarized in Figure 5.8. First, when the applied voltage passes
the corona inception voltage, discharge occurs, and ions are generated. The positive voltage
generates the positive corona, and the number of ions is increased as the applied voltage is
increased (Discharge). Second, SXR generates bipolar ions, which lowers the corona inception
voltage and enhances the ion concentration in the ESP system (Discharge + SXR). In addition,
SXR photo-ionizes toluene, which further migrates to the ground electrodes. Third, the existence
of TiO2 in discharge improves toluene removal efficiency in three ways: 1) ionization occurs
near the TiO2 surface due to changing the discharge behavior, 2) new active species are
generated near the surface or inside pores, and 3) the change in morphology due to discharge
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creates a rougher surface (Discharge + TiO2). Last, there are the synergistic effects described
above for discharge, SXR, and TiO2 on toluene removal. Furthermore, SXR activates TiO2 to
form electron-hole pairs and positively charged toluene reaches the TiO 2 surface more easily
than it reaches the stainless steel electrodes (Discharge + SXR + TiO 2). The generated ions react
with toluene to remove it.
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Figure 5.8. A schematic of toluene removal in ESP system 1) with discharge, 2) with discharge and SXR, 3) with
discharge and TiO2, and 4) with discharge, SXR, and TiO2.
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5.4 Conclusions
The effective hybrid TiO2-integrated photoionization enhanced atmospheric pressure plasma
corona system was developed and the individual and synergistic effects of corona discharge
(discharge), photoionizer irradiation, and photocatalyst (TiO 2) on toluene removal were
described. Our study contributes three major findings: 1) the lowest corona inception voltage and
highest electrical current was observed under discharge, SXR, and TiO 2, followed by that under
discharge and TiO2, under discharge and SXR, and under discharge. 2) the highest toluene
removal efficiency was obtained with discharge, SXR, and TiO 2, followed by that with discharge
and TiO2, with discharge and SXR, and with discharge. 3) the higher toluene removal efficiency
was achieved with the higher SXR energy. These trends were mainly attributed to the individual
or synergistical ion production by discharge, SXR, and TiO 2. Based on our findings, the ion-rich
condition is more favorable for the effective toluene removal.
This study provides an understanding of the hybrid TiO 2-integrated photoionization enhanced
atmospheric pressure plasma corona system for the effective toluene removal. Our findings
emphasize the creation of ion-rich condition by combining discharge, SXR, and TiO 2. This
condition could be enhanced by modifying the photocatalyst (e.g. metal doped TiO 2 film) or
modifying the ESP configuration (e.g. thinner discharge electrode). Our future study will address
this possibility to enhance the toluene removal efficiency.
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Chapter 6: Enhanced Removal of
Submicrometer Particles by a Conductive
Fabric-integrated Corona System

The results of this chapter have been published: S. Jung, B. Gersten, P. Biswas, Quantifying the
effect of nonwoven conductive fabric liners on electrostatic precipitator submicrometer particle
removal efficiency. Aerosol Air Qual. Res. 2020, 20, 489-498.
Supplementary figures and tables are available in Appendix 4.
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Abstract
Electrostatic precipitators (ESP) are widely used for fine particle control. The collection surface
is sometimes coated with materials to enhance pollutant removal. The use of nonwoven fabric
liner inserts for submicrometer particle removal in an ESP was investigated. Two nonwoven
fabrics (HAS-10(S)F1SS/PML and HPS-10(S)FIL/F1SS/BSL) were conductive and the third
fabric (RR-10(S)F1SS/DSL) was non-conductive. The current-voltage characteristics of the ESP
revealed a lower inception voltage for the conductive fabrics (5.0 kV for HAS-10(S)F1SS/PML
and 6.1 kV for HPS-10(S)FIL/F1SS/BSL), while a higher inception voltage was obtained
without fabric (6.9 kV) and no distinct inception voltage was observed with the non-conductive
fabric due to the more reactive electrons and ions on the surfaces of conductive fabrics. The
particle capture performance of the ESP was studied with and without nonwoven fabrics using
NaCl particles at applied voltages ranging from 0 kV to 7.5 kV. Due to the lower inception
voltages and higher ion concentrations of conductive fabrics compared to no fabric and nonconductive fabric, the higher removal efficiencies of particles were obtained at applied voltages
lower than 7.5 kV. At 7.5 kV, all cases showed high particle removal efficiencies except particle
sizes less than 30 nm and larger than 700 nm due to lower charging with ultrafine particles and
re-entrainment of larger particles into the gas stream. Compared to no fabric, better charging
with ultrafine particles and inhibition of re-entrainment of particles were observed with fabrics.
The findings in this study elucidate the enhanced submicrometer particle control in the ESP by
using the conductive fabrics.
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6.1 Introduction
Airborne submicrometer particles have long atmospheric residence times and pose severe health
risks. Increasingly stringent international emissions regulations and air quality standards have
heightened the need for innovative solutions [1-3]. Commonly used methods of particle removal
include fabric filtration, gravitational and centrifugal combined separation, wet scrubbing, and
electrostatic precipitation. Fabric filtration and electrostatic precipitation are the best available
technologies for particle removal [4]. Gravity separation is less favored for submicrometer
particle removal because it often requires high maintenance, has long cleaning times, and is poor
at separating fine particles [5]. Wet scrubbers have limitations in separating gaseous flow
effluents, because they require a high pressure drop for efficiency and have limited operating
flow rates and temperatures, compared to other methods of particle removal [6].
Electrostatic precipitators (ESPs) are widely used for particle removal in many large industrial
operations, such as coal power plants. ESPs clean effluent gas emissions from particle-heavy
processes before they enter the atmosphere. Their low cost of removal, high removal efficiencies,
and wide range of operating conditions, from ambient to high-temperature, make them favorites
in industrial application [1, 7, 8].
ESPs are highly effective at removing particulate from effluent gas waste streams, but cleaning
them is time consuming and exposes workers to toxic chemicals [9]. In the case of dry ESPs,
they can be partially cleaned via mechanical rapping, but additional cleaning and inspection are
typically needed to maintain particle removal efficiencies [9, 10]. ESPs can also be cleaned via
intermittent water jet washes, but this method limits the operating time of the ESP, which must
be deenergized during cleaning [11]. Because ESPs remove particles, they are inherently messy
to clean, and it is easy for the captured particles to dislodge during cleaning. If loose particles are
142

inhaled, they cause myriad health problems, such as asthma and other respiratory or irritationrelated disorders [10, 12]. In the case of wet ESPs, they have no issues related to rapping reentrainment but the collected slurry on the collectors requires more careful treatment, which can
increase the expense of the cleaning [13].
Additionally, the ESP corona on its own is inadequate to efficiently remove submicrometer
particles [1, 8]. The overall removal efficiency of particles with the ESP is approximately 99%
based on mass. However, the collection efficiency of particles with the ESP was decreased
within the submicrometer size range (70-80%) due to the lower charging efficiency with
decreasing particle size [8]. Therefore, a complementary technology or improvement could
enhance removal efficiencies at submicron sizes [8]. Such methods include coating the ESP in
titanium dioxide photocatalyst, pulsing high voltages across the ESP, and using soft X-rays to
effectively charge and remove submicrometer particle by generating more ions inside the ESP
[14-16].
Recently, nonwoven fabrics have attracted interest for their unique compositions and durability,
and have many applications, from cleaning products to durable flooring in cars [17-19].
However, there is little literature on nonwoven fabric liner inserts for ESPs. The collected
particles on the outer electrode inside the ESP could be re-entrained into the gas stream, which
might be due to the electrode surface structure, gas velocity, particle size, and ionic wind [20,
21]. The previous study by Sung et al. [21] utilized fibrous implementations inside ESPs and
reported improved ESP particle removal efficiencies by inhibiting the re-entrainment via the
changed structure of the electrode surface with fibers. Even though it has the mechanical
advantage for particle removal, a major concern with implementing fabrics inside ESPs is still
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that their non-conductive nature might not allow for a stable voltage gradient to be established
between the electrodes, hindering corona generation.
Electroconductive nonwoven fabrics have recently become industrially available and are made
by incorporating conductive materials or atypical structures into the nonwoven fabric during
production [22]. The incorporation of electroconductive nonwoven material, depending on the
material’s resistivity, could both maintain the ESP’s particle removal via corona-related effects
and reduce re-entrainment effects. In addition, a removable electroconductive liner could reduce
hazardous maintenance and cut operational costs.
In this study, the effect of conductive and non-conductive fabrics on the corona generation and
particle removal in an ESP was examined. To investigate their feasibility as an ESP liner, the
morphology, chemical composition, and resistivity of three fabrics of interest were assessed.
Current-voltage characteristics of the ESP with and without nonwoven fabrics were investigated.
The particle removal efficiencies of the ESP with and without nonwoven fabrics were
determined by comparing the initial and post-process particle counts.

6.2 Experimental Section
Fabric evaluation is described first, followed by experimental setup and procedure.

6.2.1 Fabric Evaluation
Three fabrics (HAS-10(S)F1SS/PML, HPS-10(S)FIL/F1SS/BSL, and RR-10(S)F1SS/DSL) were
provided via Supreme Nonwoven Industries. The morphologies and elemental compositions of
the three fabrics were evaluated by field emission scanning electron microscopy (FE-SEM, FEI
Nova Nano 230 SEM, FEI) and energy dispersive X-ray (EDX) spectroscopy.
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The resistances of the fabrics were determined by a resistivity test cell (ETS Resistivity Test
Cell, Model 828M and 871). The cells were first calibrated using different resistors, then the
fabrics were cut into 25 cm2 circles to be inserted into the resistivity test cell. The inserted fabrics
were properly contacted with the electrodes, and a connected resistance meter read the resistance
( , Ω) of each material. The resistivity ( , Ω m) was calculated by

(6.20)
where A and t represent the cross-sectional area (25 cm2) and the thickness of each fabric,
respectively.

6.2.2 Experimental setup and procedure
The experimental setup is depicted in Figure 6.1. A direct current (DC) corona-based wirecylindrical ESP was used, which consists of a PVC shell, a cylindrical collecting electrode
(stainless steel, 25.4 cm in length and 4.8 cm in diameter), a centered wire discharge electrode
(stainless steel, 0.323 mm in diameter), and insulating caps at the top and bottom of the ESP to
house the ends of the discharge electrode. A Bertan power supply (Model 205B-20R, Spellman,
Hauppauge, New York, USA) was used to increase and adjust the operating voltage of the ESP.
To produce large numbers of charge carriers in the gas phase, an electrical field has to be
induced via a high voltage [1, 23]. An atomizer (Model 3076, TSI Inc., Shoreview, MN, USA)
was used with a 0.2 M NaCl solution to generate polydisperse aerosolized NaCl droplets. A
cylindrical silica gel diffusion dryer was used to remove water-vapor from the generated NaCl
droplets, because humidity has been shown to affect the removal efficiency of ESP devices by
disrupting the mean free path and generation of radicals [7, 8]. A Po-210 radiation source
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neutralizer was used to make the generated submicrometer particles to carry a zero or a low
number of charges [1]. The particles were then introduced into the ESP and the flow rate was
fixed at 1.5 L min-1 (residence time: ~18 s). A scanning mobility particle sizer (SMPS, Model
3081, TSI Inc., Shoreview, MN, USA) was used to measure the particle size distribution of the
aerosolized NaCl stream leaving the ESP.
ESP particle removal experiments were conducted with negative polarity, which, compared to
positive polarity, generates a more stable negative corona at a lower inception voltage [7, 8, 23,
24]. Three fabrics were cut to fit as a liner within the circumference of the ESP, which was
calculated to be approximately 150.8 mm, so the fabrics were cut into strips with a width of 135
mm to account for their thickness and correspondingly smaller circumferences. Then, the fabrics
were inserted into the ESP and placed on the collecting electrode (Figure 6.1). The experimental
setup was operated at ambient temperature and pressure conditions.
Different experiments were conducted to investigate the effect of conductive and non-conductive
fabrics on particle removal in the ESP (Table 6.1). First, the control current-voltage (I-V)
characteristics and ion production without fabric under various DC voltages were studied (set I).
Next, the I-V characteristics and ion production with different fabrics (conductive and nonconductive) were investigated (set II), and the results were compared with those obtained from
set I. Third, particle removal tests without fabric were conducted under various DC voltages (set
III). Finally, particle removal tests with different fabrics (conductive and non-conductive) were
performed (set IV), and the results were compared with those obtained in set III. The
experiments were performed in triplicate to ensure repeatability.
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Figure 6.1. Schematic of the experimental setup.

Table 6.1. Summary of performed studies.

Set

Description

I

I-V characteristics and ion
production of the ESP +
Air

II

I-V characteristics and ion
production of the ESP +
non/conductive fabrics

III
IV

Particle removal efficiency
of ESP + Air
Particle removal efficiency
of ESP + non/conductive
fabric

Voltage
(kV)

Fabrics used

Objectives


5 to 8

N/A

5 to 8

2 conductive +
1 nonconductive

0 to 7.5

N/A

0 to 7.5

2 conductive +
1 nonconductive
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Obtain control I-V curve results for ESP +
Air
Study the inception voltage and ion
production
Obtain I-V curve results for ESP +
conductive or non-conductive Fabrics
Study the inception voltage and ion
production
Obtain particle size distribution for ESP +
Air at varied ESP operational voltages
Obtain particle size distribution for ESP +
conductive or non-conductive fabric at
varied ESP operational voltages

6.3 Results and Discussion
6.3.1 Fabric Morphology, Composition, and Resistivity
The surface morphologies and compositions of three different fabrics were investigated by using
FE-SEM and the results are shown in Figure 6.2. As can be seen in Figure 6.2, all three fabrics
showed a similar random distribution of fibers in their nonwoven structure. The thickness of
most fibers in all the fabrics was approximately 10 μm. The chemical compositions on the
surfaces of all three fabrics were confirmed by using EDX spectroscopy, and the results are
shown in Figure 6.2. The spectra of two fabrics (HAS-10(S)F1SS/PML and HPS10(S)FIL/F1SS/BSL) showed similar chemical composition on their surfaces (~75% carbon and
~25% oxygen). On the other hand, RR-10(S)F1SS/DSL showed a different spectrum in which
75.5% carbon, 2.2% oxygen, 3.4% iron and 18.9% sulfur were detected. Previous studies
reported the different surface resistivities by changing the chemical compositions on the fabrics’
surfaces [25-27]. Kongahage et al. [25] synthesized graphene coated nonwoven fabrics and
observed the decreasing surface resistivity as the mass of carbon on the fabric’s surface
increased. Other studies also obtained the lower surface resistivity by coating metals on the
fabrics’ surfaces [26, 27]. These previous studies indicate that the electric properties of
nonwoven fabrics are significantly affected by the chemical compositions on their surfaces.
Therefore, the observed different chemical compositions on the three fabrics’ surfaces might
result in different electric properties.
The resistivities of the three fabrics were investigated and the test results are shown in Table 6.2.
HAS-10(S)F1SS/PML showed the lowest resistivity (93.2 Ω m), followed by HPS10(S)FIL/F1SS/BSL (219.0 Ω m) and RR-10(S)F1SS/DSL (3.44

Ω m). The extremely

high resistivity of RR-10(S)F1SS/DSL might be due to its chemical composition (Figure 6.2).
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Sulfur is known to have a very high resistivity (1

1015 Ω m), which might result in the

extremely high resistivity of RR-10(S)F1SS/DSL. Compared to previously reported resistivities
of active carbon nonwoven fabrics (< 10 Ω m) [28], HAS-10(S)F1SS/PML and HPS10(S)FIL/F1SS/BSL have one order of magnitude higher resistivities. However, their resistivities
were much lower than that of RR-10(S)F1SS/DSL, and thereby they were considered as the
conductive fabrics in this study, while RR-10(S)F1SS/DSL was selected as the non-conductive
fabric.
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Figure 6.2. SEM images and EDX spectra of (a) HAS-10(S)F1SS/PML, (b) HPS-10(S)FIL/F1SS/BSL, and (c) RR10(S)F1SS/DSL.
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Table 6.2. Thicknesses and resistivities of fabrics.

Fabric product code
HAS-10(S)F1SS/PML
HPS-10(S)FIL/F1SS/BSL
RR-10(S)F1SS/DSL

Thickness (mm)
2.2
2.1
2.0

Resistivity (Ω m)
93.2
219.0
3.44 1012

6.3.2 Current-voltage (I-V) Characteristics and Ion Generation
The current-voltage (I-V) characterization was performed with two conductive fabrics (HAS10(S)F1SS/PML and HPS-10(S)FIL/F1SS/BSL), a non-conductive fabric (RR-10(S)F1SS/DSL),
and no fabric, at voltages ranging from 5.0 kV to 8.0 kV, with the results depicted in Figure 6.3a.
In all cases except for the non-conductive fabric, an increasing current was observed after a
certain voltage, called the negative corona inception voltage, showing the existence of negative
corona discharge. HAS-10(S)F1SS/PML fabric showed the lowest inception voltage (~5.0 kV),
followed by HPS-10(S)FIL/F1SS/BSL (~6.1 kV), and then without fabric (~6.9 kV). RR10(S)F1SS/DSL did not show the noticeable inception voltage. When an ESP is operating, the
negative corona generates excessive negative ions in the gas phase [8]. In this condition, particles
undergo diffusion charging, in which ionized gas molecules are attached to the particles to form
negatively charged particles [8]. These charged particles move and are deposited on the ESP’s
outer electrode. In cases using conductive fabric liners, more active electrons are expected to be
generated on the surface of the fabrics due to their conductive properties, resulting in greater
ionization of gas molecules near the surface of the fabrics. Therefore, both a lower inception
voltage and higher current can be expected when the ESP setup is altered using conductive
fabrics. On the other hand, when non-conductive fabric liner is incorporated, no noticeable
current increase was observed due to its non-conductive characteristic. It is also worth noting
that the lower inception voltage and the higher current at any applied voltages lower than 7.8 kV
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were observed in the cases using conductive fabrics compared to the case without fabrics. The
electrode originally made of stainless steel and thereby the lower resistivity (6.9

10-7 Ω m) is

expected. The observed finding of the lower inception voltage and the higher current with the
conductive fabrics might be explained by the generation of more active electrons on the surfaces
of the conductive fabrics compared to the original electrode. The generation of active electrons
on the surface of the material depends on its work function which is the required energy to
extract an electron from the material’s surface. Previously, the reduced work function with
oxygen added carbon compared to the original carbon was reported [29], which could be
competitive or lower than the work function of stainless steel (~4.4 eV). The I-V characteristics
reflect this explanation (Figure 6.3a).
Based on the determined I-V characteristics, the following equation was used to calculate the ion
concentrations (Ni, # cm-3) in the ESP setup with conductive fabrics, with non-conductive fabric,
and with no fabric [8, 30, 31]:
(6.2)
where I, e, Zion, E, and A respectively represent the ion current (mA), the unit electron charge
(1.6

10-19 C), the electric mobility of the negative ion (1.9

field strength (
electrode (3.83

10-4 m2 V-1 s-1 [8]), the electrical

, and the surface area of the outer
10-2 m2). For the ion concentration calculations, only the negative ion

concentration was considered because an excess of negative ions is present under the negative
corona used in this ESP setup. The calculated ion concentrations were plotted against the applied
voltages, as shown in Figure 6.3b. As can be seen in Figure 3b, the calculated ion concentration
was strongly correlated with the I-V characteristics. The highest ion concentration was obtained
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with one of conductive fabrics (HAS-10(S)F1SS/PML), followed by the other conductive fabric
(HPS-10(S)FIL/F1SS/BSL), and followed by no fabric. Compared to the other setups, negligible
ion concentration was observed with non-conductive fabric. However, some ions might have
been generated with non-conductive fabric even though it does not show a significant current
increase (Figure 6.3a). Previous studies reported the generation of reactive species (e.g.,
superoxide species (O2-)) by introducing dielectric or insulating materials [7, 31-33]. Higher ion
concentration was reported with dielectric material (TiO2) in the ESP system, because extra ions
were generated near the material’s surface [31]. These results will be further evaluated in the
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Figure 6.3. (a) I-V characterization results and (b) the calculated ion concentration within the ESP system without
fabric, with two conductive fabrics (HAS-10(S)F1SS/PML and HPS-10(S)FIL/F1SS/BSL), and with non-conductive
fabric (RR-10(S)F1SS/DSL).

6.3.3 ESP Enhancement and Particle Removal Efficiency
In order to study the effect of conductive and non-conductive fabrics on particle removal,
submicrometer NaCl particles were used and their number concentration (# cm -3) was measured
at the ESP exit by SMPS (Figure A4.1 in Appendix 4). The experiments were conducted with
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conductive fabrics (HAS-10(S)F1SS/PML and HPS-10(S)FIL/F1SS/BSL), non-conductive
fabric (RR-10(S)F1SS/DSL), and no fabric. Figure A4.1 displays a decrease in the number
concentration of particles as the voltage increases, whether the fabric was conductive or nonconductive. As mentioned in section 3.2., an increase in the voltage causes the more ion
generation (Figure 6.3) and therefore, more particles can be charged by the ions. However, the
particle number concentration decrease was different among the cases. As Figures A4.1a and
A4.1b show, for lower voltages there was a large decrease in the particle number concentration
when the conductive fabrics were inserted, but a smaller decrease with non-conductive fabric or
no fabric inserted (Figures A4.1c and A4.1d). For example, at 1 kV, all conductive fabrics
showed clear reductions in particle number concentration, but a negligible change in the particle
number concentration with no fabric or non-conductive fabric inserted. It should be noted that
particle generation was observed at 0 kV when the fabrics were inserted in the ESP (Figure 6.4).
This particle generation was likely due to detachment of loosely coated particulates, microfibers,
or particles left from the manufacturing process of this fabric [34-36]. Even when particles are
generated by some of the fabrics upon insertion, once the ESP is activated, the increased number
of particles becomes negligible due to the enhanced efficiency of the ESP setup.
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Figure 6.4. Particle number concentration distributions at 0 kV using different fabrics.

Based on the particle size distribution data in Figure A4.1, the particle removal efficiencies
depending on different particle sizes (

, %) of the ESP with conductive fabrics, non-

conductive fabric, and no fabric were calculated by
(5.3)
where

and

represent the initial and final particle number concentrations of the ESP,

respectively. The results for the particle removal efficiency of the ESP for each tested fabric,
with their respective compiled distributions for each tested voltage, are given in Figure 6.5. As
can be seen in Figure 6.5, the particle removal efficiencies increased, regardless of whether the
fabric was conductive, non-conductive, or no fabric, as the system’s voltage was increased due to
the increase in the electric field strength and more ion generation with all cases. In addition to
this general enhancement of particle removal efficiency with all cases, three distinct trends were
shown 1) at 1 kV and 3 kV which were lower than the inception voltages of all cases, 2) at 5 kV
and 6 kV which were near the inception voltages of the conductive fabrics (Figure 6.3a), and 3)
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at 7.5 kV which was higher than the inception voltages of the conductive fabrics and no fabric
(Figure 6.3a). In the cases of 1 kV and 3 kV, the applied voltages were lower than the inception
voltages of conductive fabrics, non-conductive fabric, and no fabric. Therefore, corona discharge
did not occur, which resulted in the low particle removal efficiency due to the poor charging
efficiency with particles (Figures 6.5a and 6.5b). The lower charging efficiency was more
pronounced with smaller particles, which is due to lower ion attachment coefficients with smaller
particles [8, 37]. In addition, a bell-shaped removal efficiency of particles was obtained with
these voltages. There are two opposite forces acting on particles inside the ESP (electric and drag
forces), and the balance between these two forces affects the particle removal efficiency [8]. As
mentioned above, the charging efficiency decreases with decreasing the particle size, which
results in the lower particle removal efficiency. On the other hand, the drag force on particles
increases as the particle size is increased, which also causes the lower particle removal
efficiency. Therefore, there could be a specific particle size range at which the minimum particle
removal efficiency is expected. In this study, the minimum particle removal efficiency was
observed between 100 nm and 500 nm of particle size, which is similar to the previous studies
[8, 38]. All fabrics show the enhanced particle removal efficiencies compared to the case without
fabric, which might be because the fabrics provided a larger surface area to capture particles.
In the cases of 5 kV and 6 kV, a pronounced effect of conductive and non-conductive fabrics on
the particle removal efficiency was observed. At 5 kV, one of conductive fabrics (HAS10(S)F1SS/PML) showed the highest particle removal at any particle size, followed by the other
conductive fabric (HPS-10(S)FIL/F1SS/BSL), followed by no fabric, and finally followed by
non-conductive fabric (RR-10(S)F1SS/DSL) (Figure 6.5c). At 6 kV, conductive fabrics and no
fabric showed the complete particle removal with the particle sizes larger than 50 nm, while non156

conductive fabric showed the lowest particle removal efficiency at any particle size (Figure
6.5d). According to the I-V characteristics, HAS-10(S)F1SS/PML showed the lowest inception
voltage (5.0 kV), followed by HPS-10(S)FIL/F1SS/BSL (6.1 kV), followed by no fabric (6.9
kV), and no distinct inception voltage was observed with non-conductive fabric (Figure 6.3a).
Therefore, the applied voltages of 5 kV and 6 kV were near or slightly higher than the inception
voltages of conductive fabrics, and were slightly lower than the inception voltage without fabric.
With these voltages, corona discharge can be initiated inside the ESP with conductive fabrics,
which causes the creation of more ions with conductive fabrics compared to the others. As a
result, the highest particle removal efficiency was obtained with conductive fabrics, followed by
no fabric, and followed by non-conductive fabric. Between two conductive fabrics, HAS10(S)F1SS/PML showed the better particle removal efficiency due to the more ion
concentrations (Figure 6.3b). On the other hand, non-conductive fabric showed the increasing
trend in particle removal efficiency even though the calculated ion concentration based on I-V
characteristics was negligible (Figure 6.3b). It could be due to the creation of the reactive species
such as negative ions (e.g., O2-) on the surface of the non-conductive fabric as mentioned in
section 3.2.
At 7.5 kV, different particle removal trend was observed for conductive fabrics, non-conductive
fabric, and no fabric (Figure 6.5e). All cases showed complete particle removal except smaller (<
30 nm) and larger (< 700 nm) particles. This result might be due to the generation of more ions at
7.5 kV (Figure 6.3b). The lower particle removal efficiency at particle sizes < 30 nm could be
due to still lower charging [8]. The lower particle removal efficiency at particle sizes > 700 nm
might be because of re-entrainment of particles into gas stream. Compared to no fabric, higher
particle removal efficiency was observed with conductive and non-conductive fabrics at these
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particle size ranges, which might be due to the higher charging and the reduction of reentrainment of particles. As mentioned in Introduction, the captured particles can be re-entrained
into the gas stream during the process due to several possible reasons such as gas velocity and
ionic wind inside the ESP [20, 21]. Previous study reported the inhibition of re-entrainment of
the captured particles with fibers on the collecting electrode, which was because the fibers
suppressed a backward gas flow from the collecting electrode to the gas stream by the friction
between fibers [21]. Our experimental result was consistent with this previous observation.
It is also worth noting that calculated specific collecting areas (SCAs) of each case (HAS10(S)F1SS/PML: 20.4 m2 (m3 min-1)-1, HPS-10(S)FIL/F1SS/BSL: 24.8 m2 (m3 min-1)-1, RR10(S)F1SS/DSL: 22.6 m2 (m3 min-1)-1, and no fabric (stainless steel): 25.5 m2 (m3 min-1)-1 did not
show a trend toward the particle removal efficiency. This result implies that the findings in this
study can be mainly attributed to the conductive properties of nonwoven fabrics.
Based on overall results, the mechanisms of particle removal with conductive fabric, nonconductive fabric, and no fabric at near inception voltage of the conductive fabric (~ 6kV) are
summarized in Figure 6.6. When the conductive fabric is used, more electrons are generated on
the surface of it, and thereby more ions are existed in the ESP, which results in the enhanced
particle removal (Figure 6.6a). In the case of the non-conductive fabric, few or no electrons are
created on the surface of it, and so the lowest particle removal efficiency was obtained in most
cases. However reactive species (e.g., negative ions) could be generated on the surface of nonconductive fabric, which causes the increasing particle removal trend with increasing voltage in
the ESP (Figure 6.6b). With no fabric, there is neither extra electrons nor extra reactive species
on the electrode’s surface (Figure 6.6c).
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Figure 6.5. Particle removal efficiencies at designated voltages for different fabrics.
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1000

Figure 6.6. A schematic diagram of particle removal in ESP system with (a) conductive fabric, (b) non-conductive
fabric, and (c) no fabric.

6.4 Conclusions
This study examined the use of nonwoven conductive fabric liners in an ESP to enhance the
removal of submicrometer particles. Based on the determined resistivities of the three fabrics,
HAS-10(S)F1SS/PML and HPS-10(S)FIL/F1SS/BSL were used as conductive fabrics due to
their relatively higher conductivity, and the RR-10(S)F1SS/DSL was considered as a nonconductive fabric in this study. The measured I-V characteristics of the ESP and calculated ion
concentrations showed lower inception voltages and higher ion concentrations for the conductive
fabrics than for no fabric and the non-conductive fabric. Conductive fabrics were further found
to enhance the removal efficiency of the ESP at voltages below 7.5 kV, compared to when nonconductive fabric or no fabric was employed. These findings were mainly due to the generation
of more reactive electrons and ions in the ESP by the conductive fabrics, which resulted in
greater number of charged particles that can be deposited on the collecting electrode. On the
other hand, with the applied voltage of 7.5 kV, higher particle removal efficiencies except the
particle sizes < 30 nm and > 700 nm were observed for all cases, which might be because of less
charging with ultrafine particles and re-entrainment of larger particles into gas stream. It is worth
noting that fabrics reduced the re-entrainment of captured particles into gas stream at 7.5 kV.
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This method of enhancing the ESP’s removal efficiency could potentially reduce the cleaning
concerns and health risks associated with ESPs. The nonwoven conductive fabrics’ chemical
composition can be further explored to optimize the material’s electro-conductive abilities and
enhance the ESPs removal of submicrometer particles at even lower voltages.
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Chapter 7: Summary and Recommendations
for Future Work
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This chapter summarizes the major findings of this dissertation.
Part 1: Development of an active nanomaterials for O 2 removal from oxy combustion system
(Chapter 2, 3, and 4)
Oxy combustion system has been developed to effectively capture CO 2 from a flue gas in large
power plants. The captured CO2 stream can be utilized for enhanced oil recovery (EOR) or
sequestration. However, the remnant O2 (~3%) in the flue gas from oxy combustion system is
unavoidable limitation for further applications, in which the requirement for O 2 concentration is
100 ppmv. To resolve this limitation, catalytic reduction of O 2 with hydrocarbon (e.g. CH4) has
been developed as a promising solution.
In Chapter 2, preliminary study on flame synthesis of Pd-TiO 2 nanocomposite for O2 removal
from CO2-concentrated stream has been conducted. Five different Pd-TiO 2 nanocomposites were
synthesized via a flame aerosol reactor by varying Pd loading. The structural and kinetic
characteristics of the synthesized Pd-TiO2 nanomaterials for O2 removal were evaluated and
correlated. This chapter contributes three major findings: First, the size and the oxidation state of
Pd subnano clusters/nanoparticles on the materials’ surface were determined depending on Pd
loading. Also, after the reaction, increased size of Pd nanoparticles on the materials’ surface and
reduced form of Pd from PdO (metallic Pd or/and PdO x (0<x<1)) were observed. Second,
fractions of the total surface areas of metallic Pd, intermediate PdO x, and PdO were calculated
based on structural characteristics. By interpreting both structural and kinetic characteristics, a
linear correlation between the apparent reaction rate constants and the fraction of total surface
area of metallic Pd and reduced form of Pd, which indicates the important role of metallic Pd and
reduced form of Pd. Third, there was only complete CH 4 oxidation reaction under stoichiometric
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and rich O2 conditions, while both complete CH4 oxidation and dry reforming of CH4 reactions
were observed under lean O2 conditions. The findings in Chapter 2 emphasizes (1) the
importance of correlating both structural and kinetic characteristics and (2) the role of metallic
Pd and reduced Pd in O2 removal.
In Chapter 3, the effect of the excessive CO2 in the feed stream on O2 removal was investigated
by using both experimental and theoretical approaches. Even though previous studies including
results in Chapter 2 revealed the effects of the initial gas compositions (i.e. ratio between O 2 and
CH4 in the feed stream) on O2 removal, based on the best of our knowledge, there has no study
about the effect of the excessive CO2 in the feed stream on O2 removal. Pd-TiO2 nanomaterial
was synthesized via a flame aerosol reactor like nanomaterials in Chapter 2, and they were
experimentally examined. The experimental results showed an increasing generation rate of CO 2
with increasing the concentration of CO2 in the feed stream, which could be surmised as an
autocatalytic effect or a surface coverage effect. To understand the finding in detail, the
mechanistic study by using density functional theory (DFT) calculations was performed. The
slab Pd (111) surface was used for calculations and CH 4 dissociation, which is a well-known rate
limiting step, was firstly considered to examine the effect of CO2 on it. Theoretical results
showed a decreasing activation energy with increasing surface CO 2 coverage, which was
matched with the experimental result. Due to high activation energies, CO 2-containing
intermediates except HOCO from the reaction of “CO2*+H*HOCO*” were not feasible to be
formed. Also, no distinct correlation between surface HOCO coverage and the activation energy
of CH4 dissociation was found. Surface CO2 coverage was further applied to investigate its effect
on the remained CH4 oxidation reactions and generally lower activation energies for further
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reactions were obtained. These findings indicate the positive effect of the excessive CO 2 on O2
removal via surface CO2 coverage effect.
Earlier studies including results reported in Chapter 2 have developed effective noble metal
doped metal oxide nanomaterials for O2 removal. However, they have a limitation due to their
high economic value. Therefore, a new efficient and economic material should be developed. In
Chapter 4, an effective and economic cobalt oxide was developed via a furnace aerosol reactor as
a promising nanomaterial and its structural and kinetic characteristics for O 2 removal were
evaluated. Two different parameters during the synthesis process, i.e. the molar ratio between
citric acid and cobalt nitrate and the furnace temperature, were applied to tune structural
properties of the produced cobalt oxides. As the molar ratio between citric acid and cobalt nitrate
was increased, the more amorphous, the more oxygen vacancy defects in the structure, and the
hollow structure were observed, which were further proved to be favorable for O 2 removal. On
the other hand, the more crystalline, no or less hollow structure, and the less oxygen vacancy
defects in the structure was obtained with increasing the furnace temperature, which were further
found to be unfavorable for O2 removal. Comparison between cobalt oxide nanomaterials via a
flame aerosol reactor and via a furnace aerosol reactor was finally done and one via the furnace
aerosol reactor showed a better O2 removal efficiency. This result might be attributed to the
generation of the more oxygen vacancy defects in the structure via the furnace aerosol reactor.
Summing up for Part 1, active phase of Pd-TiO 2 nanomaterials for O2 removal, i.e. metallic and
reduced form of Pd, was revealed by interpreting both structural and kinetic characteristics of the
synthesized nanomaterials in O2 removal. The effect of the unique initial gas stream, i.e.
excessive CO2 concentration, was investigated and the positive effect of surface CO 2 coverage
on O2 removal was proved by both experimental and theoretical approaches. As a final step, an
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effective and economic cobalt oxide nanomaterial was synthesized via a furnace aerosol reactor
and its superior performance for O2 removal was achieved due to the more oxygen defects in the
structure.
Part 2: Material-integrated technique for VOCs and particulates removal (Chapter 5 and 6)
Electrostatic precipitator (ESP), which is one of non-thermal plasma reactors, has been
extensively used for the removal of particulates from large power plants. Common ESPs create
an electric field inside the reactors by using high voltage source. A corona discharge can be
created in this high voltage system, and active radicals, electrons, and ions are further generated
due to the corona discharge. Various target contaminants including VOCs and particulates can be
charged/removed and oxidized in this system. In Part2, different materials were integrated to
enhance the removals of VOCs and submicrometer particles.
In Chapter 5, an effective hybrid TiO2-integrated corona system was developed and synergistic
effects of corona discharge and TiO2 on toluene removal was elucidated. The higher toluene
removal efficiency was achieved with the incorporation of TiO 2 in corona system, which can be
attributed to the more ion generation on the surface of TiO 2. It can be supported by the fact of the
lower inception voltage and higher electrical current with TiO 2-integrated corona system.
In Chapter 6, nonwoven conductive fabric-integrated corona system was investigated for the
removal of submicrometer particles. A lower inception voltage and higher ion concentration in
the ESP was observed with conductive fabric-integrated system. Furthermore, an enhanced
particle removal efficiency was achieved with conductive fabric-integrated system compared to
that without conductive fabric. These findings were attributed to the creation of more reactive
electrons and ions in the ESP due to the conductive fabric.
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Summing up of Part 2, enhanced removal efficiencies of both VOCs and submicrometer particles
were achieved due to the generation of more reactive species such as electrons and ions on the
surface of materials. These findings emphasize the synergistic effect of nanomaterials-integrated
corona system on different applications.
Recommendations for future works
Four recommendations could be addressed for future works below:
(1) This dissertation proved a promising solution of complete CH 4 oxidation reaction to
removal O2 from the excessive CO2 stream. Other hydrocarbons such as ethane and
propane could be applied for O2 removal as well. Previous study by Ortloff et al. [1]
reported lower activation energies with higher hydrocarbons on O 2 conversion due to the
lower temperature for cracking the C-H bonds in them. Detailed study on the effect of
higher hydrocarbons on O2 removal with aerosol route synthesized materials can be
addressed.
(2) Production rate of nanomaterials via both lab-scale flame aerosol reactor and furnace
aerosol reactor was relatively low. To achieve higher productivity of nanomaterials,
reactors should be scaled up.
(3) With the importance of stability in the industrial application, the stability of the
developed catalysts is required to be investigated in detail.
(4) Ozone generation is an unavoidable limitation in all corona systems. Modification of ESP
system or/and modification of inserting materials could be helpful to resolve this
limitation.
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(5) The effect of the excessive amount of CO2 in the feed stream on O2 removal via CH4
oxidation reaction was described in this dissertation. The negative effect of water on the
CH4 oxidation reaction has been widely studied, and it correlates to the structure of Pd [2,
3]. Possible inhibiting effect of water on O2 removal can be addressed.
(6) Other air pollutants such as mercury have been heavily emitted from coal combustion
system. The effect of the excessive amount of CO 2 in the feed stream on the removal of
these pollutants could be studied by using the developed skills and knowledge.
References.
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Appendix I. Supporting materials for
Chapter 1
Table A1.1. Fractions of metallic Pd, intermediate PdOx, and PdO in the treated catalysts as determined from XPS
analysis, and total surface area of metallic Pd (𝑻𝑺𝑨𝒎𝒆𝒕𝒂𝒍𝒍𝒊𝒄 𝑷𝒅 ), PdO (𝑻𝑺𝑨𝑷𝒅𝑶 ) and intermediate PdOx (𝑻𝑺𝑨𝑷𝒅𝑶𝒙 ).

catalyst 1
catalyst 2
catalyst 3
catalyst 4
catalyst 5

Metallic Pd
(%)

PdO (%)

PdOx (%)

42.60 ± 1.12
43.89 ± 0.16
45.91 ± 0.75
44.06 ± 0.65
55.61 ± 1.44

24.07 ± 0.55
21.27 ± 0.63
15.80 ± 0.55
16.38 ± 1.08
14.77 ± 0.65

33.33 ± 0.65
34.84 ± 0.47
38.29 ± 0.86
39.56 ± 0.95
29.62 ± 1.37
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(cm2)

(cm2)

(cm2)

85.68
124.70
105.61
-

68.49
70.78
64.75
-

86.16
131.74
120.12
-

0.920
0.422
0.417
0.352
0.206

Figure A1.1. XPS spectra of fresh and treated Pd-TiO2 catalysts: Ti3+ (2p3/2) (dark green, 456.7 eV), Ti4+ (2p3/2)
(blue, 458.5 eV), Ti3+ (2p1/2) (orange, 460.3 eV), Ti4+ (2p1/2) (purple, 464.2 eV).
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Figure A1.2. XPS spectra of fresh and treated Pd-TiO2 catalysts: Olattice (purple, 529.9 eV),
Odeficient region (pink, 531.3 eV), Oadsorbed (green, 532.2 eV).
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Table A1.2. Fractions of Ti3+ (2p3/2), Ti4+ (2p3/2), Ti3+ (2p1/2), and Ti4+ (2p1/2) in fresh and treated catalysts.

Fresh catalysts
3+

catalyst 1
catalyst 3
catalyst 5

4+

3+

4+

3+

Ti (2p3/2)
(%)

Ti (2p3/2)
(%)

Ti (2p1/2)
(%)

Ti (2p1/2)
(%)

Ti (2p3/2)
(%)

0.64±0.1
0.65±0.14
0.43±0.24

65.40 ± 0.30
65.42 ± 0.20
65.84 ± 0.45

2.97 ± 0.30
2.82 ± 0.23
2.82 ± 0.30

31.40 ± 0.30
31.43 ± 0.52
31.13 ± 0.40

1.39
1.01
0.66
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Treated catalysts
Ti (2p3/2) Ti3+ (2p1/2)
(%)
(%)

Ti4+ (2p1/2)
(%)

64.35 ± 1.81
64.86 ± 0.75
64.34 ± 1.08

30.06 ± 0.44
29.66 ± 0.30
30.49 ± 0.42

4+

6.24 ± 0.83
5.23 ± 0.56
4.97 ± 0.46

Table A1.3. Fractions of Olattice, Odeficient region, and Oadsorbed in fresh and treated catalysts.

Fresh catalysts

catalyst 1
catalyst 3
catalyst 5

Olattice (%)

Odeficient region
(%)

Oadsorbed (%)

82.56 ± 0.52
80.92 ± 1.50
82.96 ± 0.80

10.48 ± 0.09
12.10 ± 0.65
10.79 ± 0.02

6.97 ± 0.06
6.98 ± 0.85
6.26 ± 0.81
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Treated catalysts
Odeficient region
Olattice (%)
Oadsorbed (%)
(%)
81.85 ± 1.43
83.56 ± 0.48
82.98 ± 0.20

13.48 ± 0.34
13.46 ± 0.35
12.33 ± 1.40

4.67 ± 1.23
3.79 ± 0.59
4.70 ± 1.19

Figure A1.3. The change in the concentration of O2, CH4, CO2 and Total C with catalyst 3 (Helium was used instead
of CO2.).
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Table A1.4. Reaction rates of CH4 and 1/2O2 with different catalysts.

(mmol/gcat/hr)
723 K
773 K

(mmol/gcat/hr)
723 K
773 K

catalyst 1

-7.42

-9.14

-7.50

catalyst 2

-9.434

-10.28

catalyst 3

-10.64

catalyst 4
catalyst 5
a

(%)a
723 K

773 K

-9.36

1.10

2.45

-9.39

-10.01

0.47

2.61

-10.95

-10.35

-10.66

2.73

2.61

-10.81

-11.26

-10.27

-10.71

5.00

4.84

-10.31

-10.76

-9.69

-10.20

6.06

5.20

Via complete CH4 oxidation reaction (

):
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Figure A1.4. The natural log of

versus residence time (a) with catalyst 1, (b) with catalyst 3, and (c) with
catalyst 5 at different temperatures.
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Figure A1.5. Variation of the apparent reaction rate constant (

) with (a) the fraction of the total surface area of PdO (

and (b) the fraction of the total surface area of PdOx (
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) in the fresh catalysts at different temperatures.

)

Figure A1.6. Variation of the apparent reaction rate constant (
treated catalysts (

) with (a) the fraction of the total surface area of PdOx in the

) and (b) the average fraction of the total surface area of PdOx (
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) at different temperatures.

Figure A1.7. Variation of the apparent reaction rate constant (
treated catalysts (

) with (a) the fraction of the total surface area of PdO in the

) and (b) the average fraction of the total surface area of PdO (
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) at different temperatures.

Figure A1.8. Variation of the apparent reaction rate constant (

) with (a) the sum of the fractions of the total surface area of

metallic Pd and PdOx in the treated catalysts (

) and (b) the sum of average fractions of the total surface

area of metallic Pd and PdOx (

) at different temperatures.
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Table A1.5. Reaction rates of CH4 and 1/2O2 with catalyst 3 under different CO2 concentrations.

(mmol/gcat/hr)
723 K
773 K

(mmol/gcat/hr)
723 K
773 K

0% CO2

-7.97

-8.36

-7.87

53% CO2

-9.21

-10.01

95% CO2

-10.64

-10.95

(%)
723 K

773 K

-8.35

1.32

0.09

-9.35

-9.71

2.51

0.49

-10.35

-10.66

2.73

2.61
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Figure A1.9. Variation of O2 conversion with CO2 concentration at different temperatures.
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Table A1.6. Reaction rates of CH4, 1/2O2, and 1/2CO with catalyst 3 under different ratios between CH4 and O2 in the initial gas stream.

(mmol/gcat/hr)

(mmol/gcat/hr)

(%)a

(mmol/gcat/hr)

(%)b

723 K

773 K

723 K

773 K

723 K

773 K

723 K

773 K

723 K

773 K

O2 lean

-7.93

-10.55

-7.92

-8.79

0

2.31

0.11

16.61

-

5.35

Stoichiometric

-9.21

-10.01

-9.24

-9.97

0

0

0.31

0.36

-

-

O2 rich

-10.64

-10.95

-10.35

-10.66

0

0

2.73

2.61

-

-

a

Via complete CH4 oxidation reaction (

b

Via both complete CH4 oxidation reaction (

):

) and dry reforming of CH4 (
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Appendix 2. Supporting materials for
Chapter 3
Table A2.1. Reaction rates of CH4 and 1/2O2 with Pd-TiO2 under different feed gas composition (CO2
concentration).

CO2
conc.
(mol m3)

a

(mmol/gcat/hr)
723 K
773 K

(mmol/gcat/hr)
723 K
773 K

(%)a
723 K

773 K

0

-0.0637

-0.0689

-0.0604

-0.0653

5.28

5.35

12.7

-0.0723

-0.0759

-0.0719

-0.0757

0.46

0.34

23.9

-0.0827

-0.0873

-0.0811

-0.0855

1.88

2.03

38.6

-0.0891

-0.0909

-0.0891

-0.0927

0.00

2.02

Via complete CH4 oxidation reaction (

):
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Appendix 3. Supporting materials for
Chapter 5
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Figure A3.1. XRD patterns of TiO2 film after 1) discharge, 2) SXR, and 3) discharge and SXR, where SS indicates
the background of stainless steel substrate.
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Figure A3.2. Removal efficiency of toluene in ESP system 1) with SXR, 2) with TiO 2, and 3) with SXR and TiO2.
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Figure A3.3. Ozone production 1) with discharge, 2) with discharge and SXR, 3) with discharge and TiO 2, and 4)
with discharge, SXR, and TiO2.
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Figure A3.4. Gas chromatogram of toluene degradation products with discharge, SXR, and TiO2.
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Figure A3.5. Electrical current versus SXR energy with TiO2 at 7.65 kV of an applied voltage.

193

Appendix 4. Supporting materials for
Chapter 6
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Figure A4.1. Particle number concentration distributions for specific fabrics at different voltages.
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